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Abstract: Remote-sensing systems that map aircraft
icing conditions in the flight path from airports or aircraft
would allow icing to be avoided and exited. Icing remote-
sensing system development requires consideration of
the operational environment, the meteorological envi-
ronment, and the technology available.

Operationally, pilots need unambiguous cockpit icing
displays for risk management decision-making. Human
factors, aircraft integration, integration of remotely
sensed icing information into the weather system infra-
structures, and avoid-and-exit issues need resolution.
Cost, maintenance, power, weight, and space concern
manufacturers, operators, and regulators.

An icing remote-sensing system detects cloud and
precipitation liquid water, drop size, and temperature.
An algorithm is needed to convert these conditions into
icing potential estimates for cockpit display. Specifica-
tion development requires that magnitudes of cloud
microphysical conditions and their spatial and temporal
variability be understood at multiple scales.

The core of an icing remote-sensing system is the
technology that senses icing microphysical conditions.
Radar and microwave radiometers penetrate clouds and
can estimate liquid water and drop size. Retrieval devel-

opment is needed; differential attenuation and neural
network assessment of multiple-band radar returns are
most promising to date. Airport-based radar or radio-
meters are the most viable near-term technologies. A
radiometer that profiles cloud liquid water, and experi-
mental techniques to use radiometers horizontally, are
promising.

The most critical operational research needs are to
assess cockpit and aircraft system integration, develop
avoid-and-exit protocols, assess human factors, and
integrate remote-sensing information into weather and
air traffic control infrastructures. Improved spatial charac-
terization of cloud and precipitation liquid-water content,
drop-size spectra, and temperature are needed, as well
as an algorithm to convert sensed conditions into a
measure of icing potential. Technology development also
requires refinement of inversion techniques. These goals
can be accomplished with collaboration among federal
agencies including NASA, the FAA, the National Center
for Atmospheric Research, NOAA, and the Department
of Defense. This report reviews operational, meteoro-
logical, and technological considerations in developing
the capability to remotely map in-flight icing conditions
from the ground and from the air.

Cover: Artist’s rendering of possible cockpit display as aircraft enters regions of hazardous icing
conditions. The display would be created from information gathered from either on-board
remote sensors or ground-based sensors uplinking information to the aircraft.
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AGATE:

ceilometer:

disdrometer:

exceedance conditions:

FAR 25, Appendix C:

free flight:

pireps:

prediction detection:

range gate:

reactive detection:

GLOSSARY

Advanced General Aviation Technology Experiment.

Instrument that remotely measures the height of cloud base above ground
level.

Instrument for measuring the sizes of raindrops.

Conditions outside of the envelope of conditions defined by FAR 25,
Appendix C.

FAA Federal Aviation Regulation 25, Appendix C, defining the range
of liquid water, drop size, temperature, and exposure conditions for
which aircraft are certified for flight in icing.

FAA concept of autonomous aircraft flight, with aircraft—ground sepa-
ration provided by onboard aircraft sensors rather than by air traffic
control (ATC).

In-flight pilot reports of flying conditions, including icing.

Detection of icing condition remotely; remote-sensing system predic-
tions that icing conditions are in the flight path.

Distance between consecutive radar measurements along a radial, typ-
ically about 100 to 500 m, and controlled by pulse duration.

Detection of icing conditions in situ; reaction of the in-situ instruments
indicates that icing is occurring.

supercooled large drops (SLDs): Drops larger than typical cloud drops defined in FAR 25, Appendix C;

To Contents

typically drizzle drops ranging in diameter from 50 to 500 um.




Remote Sensing of In-Flight Icing Conditions
Operational, Meteorological, and Technological Considerations

CHARLES C. RYERSON

1.0 EXECUTIVE SUMMARY

In-flight icing is a significant aviation risk despite
improving icing forecasts and onboard ice protection
systems. A remote-sensing system designed to detect
icing conditions in the flight path could allow aircraft
to avoid and exit hazardous conditions. Ground-based
near airports or airborne, such systems would be most
useful to low, slow-flying aircraft that frequently
encounter icing, such as turboprops and helicopters.
Development of an icing remote-sensing system
requires consideration of the operational environment
within which it is used, the meteorological environment
it senses, and the technology available for sensing icing
conditions.

Operationally, pilots need information in the cock-
pit for making risk-management decisions. Displays must
evoke proper pilot decisions and provide clear, unam-
biguous warnings of severe conditions for avoidance.
Human factors and cockpit and aircraft integration
issues must be developed in addition to avoid-and-exit
protocol and training. Dispatchers and meteorologists
need integration of icing remote-sensing systems into
the weather system infrastructure. Cost, maintenance,
power, weight, and space are a concern of manu-
facturers, operators, and regulators, as is the evalua-
tion of aircraft flight envelopes in icing conditions.

An icing remote-sensing system detects conditions
conducive to icing, including cloud and precipitation
liquid-water content, the drop-size spectrum, and tem-
perature. An icing metric algorithm would convert these
measurements into an estimate of icing potential for
cockpit display. To develop specifications, the absolute
magnitudes of cloud microphysical conditions and the
spatial and temporal variability of icing weather condi-
tions, must be understood at multiple scales. Icing cloud
microphysics have been measured since the 1940s by
NACA, NASA, the FAA, NCAR, and several univer-
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sities. The absolute range of cloud liquid-water content
in clouds of various genera is generally well known,
but its vertical and horizontal distribution within clouds
and cloud masses is not well understood. The cloud gla-
ciation process is also imperfectly understood, as is the
effect of mixed-phase conditions on aircraft icing and
on cloud remote sensing. The shape of the drop-size
spectrum is not well characterized in icing conditions,
especially in supercooled large drops, and the median
volume diameter does not often provide an adequate
description of the drop-size spectrum, especially if the
distribution is bimodal. Though it is generally known
that static temperature changes more rapidly vertically
than horizontally, there has been very little characteri-
zation of temperature distribution in icing conditions.
The ability to detect temperature change ahead of an
aircraft is critical, because the temperature within liquid
water determines whether icing will occur. Character-
ization of icing conditions is expensive, typically requir-
ing research aircraft. More reliable and less costly
instrumentation is needed to replace first-generation opti-
cal probes, and to reduce cost, coordination is needed
with other federal programs that make cloud microphys-
ical measurements. Such cooperation has started
between the Canadian Atmospheric Environment Ser-
vice, Transport Canada, NASA, and the FAA.

The core of an icing avoidance system is the tech-
nology used to sense icing microphysical conditions.
Radar and microwave radiometers are the most viable
technologies. Ranging capability makes radar an attrac-
tive technology for detecting liquid water, drop size,
and possibly temperature. Multiple-band radars, such
as X and K, bands to retrieve liquid-water content using
differential attenuation techniques and X, K,, and W
bands to retrieve liquid water and drop size using neu-
ral nets, currently appear most viable. Information-




retrieval algorithms, noise, and Mie scattering present
major radar technological challenges. Although radar can
be used in a variety of orientations, scanning vertically
from the ground or horizontally from the air, its size,
weight, and power demands make ground-based radar a
more viable near-term technology.

Microwave radiometer development is less mature
than radar technology. However, the recent introduction
of a radiometer that scans and profiles temperature, water
vapor, and cloud liquid water, and experimentation with
techniques to use radiometers in a horizontal sensing
mode, in addition to the more traditional vertical or near-
vertical modes, are promising. Microwave radiometers
are passive, an advantage to the military, but they lack
absolute ranging capability—a disadvantage. Identifica-
tion of cloud glaciation and drop size with polarization
is an additional useful radar and microwave radiometer
capability.

Lidar is not considered a viable technology for remote
sensing of icing conditions because it cannot sense deeply
into optically thick clouds. Remote detection of temper-
ature is possible with microwave radiometers and RASS
from the ground, but perhaps only by using microwave
radiometers from aircraft. Considerable development is
needed in this area.

The most critical needs in operational research are to
assess cockpit and aircraft system integration, develop
avoid-and-exit protocol, and assess the human factors
in using remotely sensed icing information. In addition,
remotely sensed icing information must be integrated
into weather and air traffic control infrastructures, and air-
craft flight envelopes and the hazard of icing to aircraft
performance in these envelopes need better definition.
Improved absolute and spatial characterization of cloud
and precipitation liquid-water content, drop-size spectra,
and temperature are needed to develop remote-sensing
system specifications. An icing metric must also be devel-
oped that will allow the sensed microphysical conditions
to be converted into a measure of icing potential for air-
craft. Technology development requires refinement of
inversion techniques for unambiguously retrieving
liquid-water content, drop size, and temperature from
clouds and precipitation. These goals can be accom-
plished with strong leadership and collaboration among
federal agencies, including NASA, the FAA, the National
Center for Atmospheric Research, NOAA, and DoD.
Partnership between government and industry will bring
viable technologies to prototype and to market.

2.0 INTRODUCTION

2.1 Purpose
Development of a remote-sensing icing-avoidance
avionics system requires assessment of the operational

requirements of the system, the environment to be
sensed, and the technology available to accomplish the
task. This report identifies the state of knowledge,
strengths, weaknesses, major issues, barriers, and oppor-
tunities, and it identifies the research and investment
needed to create a prototype icing remote-sensing sys-
tem.

2.2 Scope

This report provides a framework for the develop-
ment of a plan for creating in-flight icing-avoidance
remote-sensing systems for use in the national airspace.
There are three strategic elements:

+ Identifying the operational needs of pilots, opera-
tors, manufacturers, and regulators as to functional
requirements, system utilization, aircraft integra-
tion, and human factors

+ Identifying sensing requirements

« Identifying technologies, and their state of devel-
opment, for an integrated sensing system.

2.3 Goal

This report is intended to provide background infor-
mation to facilitate the creation of a development plan
to improve aircraft operational capabilities and safety
in icing environments. This will be accomplished by
developing remote-sensing systems that provide pilots
with information about the location and intensity of in-
flight icing hazards, giving them the ability to avoid
and exit icing expediently. This will

* Increase safety
+ Reduce delays
* Increase aircraft utilization
+ Increase military readiness.

One method of either avoiding or escaping icing is
to sense remotely, either from the ground or from air-
craft, atmospheric icing potential (Ryerson 1996, 1997,
1998). This requires scanning the airspace ahead of an
aircraft for supercooled water and presenting that infor-
mation to the pilot in a manner consistent with effi-
cient cockpit risk assessment.

Currently, no dedicated system exists for remotely
sensing the icing potential in a projected flight path for
an individual aircraft. A remote-sensing system that
advises pilots of the icing risk ahead of an aircraft will
be an information management system that senses the
environment, processes the sensed information, and
presents it in a useful form. This requires that the proper
environmental parameters be sensed with an accuracy
suitable for providing useful information, that the infor-
mation be processed with sufficient speed to assist pi-
lots, and that information be presented in a manner that
aids pilots in making icing risk-management decisions.

To Contents




2.4 Relevance

Current methods of avoiding icing, including meteor-
ological and pilot reports, are extremely ineffective
(Erickson 1997). Icing information is not provided with
the detail, accuracy, and timeliness needed for commer-
cial and private aircraft to avoid icing conditions effi-
ciently. As a result, either aircraft cannot fly or large
areas of potentially flyable airspace must sometimes be
avoided because of inadequate spatial and temporal reso-
lution of forecasts. Military aviators and civil aviators
in the Far North where bush flying is common also need
to be able to avoid icing autonomously because fore-
casts are often unavailable in operational areas (Owen
1997). In addition, increased use of laminar flow air-
foils and more efficient engine designs less tolerant of
contaminants make some aircraft more susceptible to icing.
As air traffic increases in volume, new aircraft designs are
implemented, and new routes are established, more air-
craft that are less tolerant to contamination may be
exposed to icing. To increase aviation safety and
efficiency, and to increase military readiness and air su-
periority, improved methods of avoiding and exiting
icing are needed.

Aircraft flying at 400 knots or greater, which includes
most jets, generally do not have icing problems because
they typically have heated leading edges and fly above
most icing (Taylor 1991). However, jets on approach
and departure, 300-kt turboprops, piston aircraft, and
helicopters are all susceptible. Turboprops fly exclu-
sively at lower altitudes and are thus exposed to ice for
extended periods. Few light piston-engine aircraft have
deicing capability. Helicopters are probably the most
threatened of all aircraft because of their unique aero-
dynamics and mission requirements and because they
typically lack deicing capability.

Pilots, operators, and manufacturers typically do not
know when most aircraft reach their performance limits
in icing (Erickson 1997). There are generally few clues
provided to the pilot that indicate how close an aircraft
is to those limits. This is of particular concern for air-
craft operation outside of FAA FAR 25, Appendix C,
design guidelines. The result is that many pilots may
unknowingly operate their aircraft at or near safety limits
when in many icing situations, despite the availability
of onboard protection systems.

Fortunately, transport-category aircraft are rarely lost
to icing, although there are reported incidents (Engel-
berg and Bryant 1995), but private general aviation does
not fare as well. Aviation magazines carry many reports
of private general-aviation icing incidents and accidents.
Between 40 and 60 private general-aviation accidents
annually are attributed to in-flight structural icing, about
50% of which are fatal (AVEMCO 1983, Taylor 1991).
Although about 50% of these are visual flight rule (VFR)
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pilots in instrument meteorological conditions (IMC)—
a pilot training problem—many of the accidents may
be preventable with onboard icing-avoidance systems
(Bertorelli 1992). Even a VFR pilot may be able to avoid
the most serious of icing conditions—freezing drizzle
or freezing rain—with onboard remote-sensing icing
avoidance capability. An instrument flight rule (IFR)
pilot could avoid icing within IMC, or at least avoid
conditions that tax aircraft ice-removal systems.

Helicopters flying low-altitude missions to service
offshore oil rigs and in search-and-rescue operations,
for example, are particularly vulnerable to icing. In addi-
tion, limited altitude capability, low speeds, rotating
components, and generally low power reserves make
them more susceptible to ice than fixed-wing aircraft
(Manningham 1991). However, helicopters’ low speed
and maneuverability may be an asset if they are
equipped with an icing-avoidance system because they
have more flexible course- and altitude-changing capa-
bility than fixed-wing aircraft. As recently as 1995, only
one commercial helicopter was icing-certified, the Aero-
spatiale Super Puma (AHS 1995).

In-flight icing is not generally considered a problem
in Army aviation, despite problems in Bosnia, because
most missions are flown in warm climates, missions
are not flown if ice is predicted, and icing is so infre-
quent that readiness is little affected. However, about 9%
of Army medevac flights in Alaska are canceled due to
icing, and medevac commanders give icing avoidance
a high priority. Mayer et al. (1984) found about 525
icing-related mishaps in the Navy between 1964 and
1984, with about 70% due to in-flight problems and
nearly all due to foreign-object damage from ice. Acci-
dent reports in recent years suggest that the Navy has
had fewer icing problems, with more reports of hail-
impact damage than airframe ice accretion problems,
but Lef et al. (1994) state that the Navy is concerned
about the icing threat to carrier-launched aircraftand that
helicopter icing accidents are not infrequent. Air Force
transport aircraft have also experienced icing problems,
for example, in tropical cumulus clouds at high alti-
tudes. The Coast Guard reports problems with icing in
search-and-rescue and enforcement missions (Yatto
1997).

Military and civilian unmanned aerial vehicles
(UAVs) are special cases in need of icing avoidance sys-
tems. UAVs, especially high-altitude, long-endurance
UAVs, may be required to seek routes through icing
conditions autonomously (Siquig 1993). Onboard
weather-sensing systems could be coupled with autono-
mous controls to allow UAVs to avoid or minimize
icing, which impacts them more severely than it does
conventional aircraft because of their low power and
high-efficiency airfoils.



In the future, several changes in flight activity could
affect vulnerability to icing:

+ Implementation of Free Flight may reduce air traf-
fic control surveillance of aircraft routes, making
pilots more responsible for weather avoidance.

* Increased commuter aircraft activity will create
more flights by smaller aircraft at lower altitudes
and slower speeds, increasing vulnerability to
icing.

+ Increased military emphasis on helicopters and
UAVs, both uniquely vulnerable to icing, is
expected.

» Increased air traffic is also expected globally, so
to reduce the number of icing accidents the acci-
dent rate must decrease (Brown and Dorr 1997).

2.5 Philosophy

Icing remote-sensor development is driven essen-
tially by one question: What icing information does the
pilot need to make better risk-management decisions?
A remote-sensing system that reports icing potential
ahead of an aircraft to a pilot is a decision-support sys-
tem that provides information needed to make decisions
regarding flight safety. Pilots’ needs drive the develop-
ment process because they are the ultimate users of
information generated by the system. The development
process, however, must work within the restrictions and
opportunities provided by the aircraft, regulators, sens-
ing technology, and meteorology.

Because pilot information needs are the primary dri-
vers of the process, an early development requirement
should be to determine what pilots need to know. Do
pilot information needs change with platform, mission,

early in the research and development process on scen-
ario and training aids, which may help establish the
direction of technology development.

Although it may not be absolutely necessary, devel-
opment of an icing avoidance avionics system also
requires an understanding of pilot decision-making pro-
cesses. The form in which information is delivered to
pilots may subconsciously affect their decision-making
process (Hansman 1997). Understanding how pilots
make decisions for avoiding or coping with in-flight haz-
ards will affect the development of a decision-support
system. Appropriate paradigms for icing avoidance may
be current fielded thunderstorm and wind-shear avoid-
ance systems. Pilots generally view any information
beyond that currently available in the cockpit as useful
(Erickson 1997), but the kind of information desired
must be identified: too much or inappropriate informa-
tion could confuse pilots.

The pilot’s needs determine the information provided
by a remote-sensing system, but the atmospheric envi-
ronment and the physics of icing and aircraft flight deter-
mine what information must be sensed to create the
information the pilot needs. Pilots are concerned about
flight safety and are thus concerned about the perfor-
mance of the aircraft should it ice. Aircraft performance
changes in response to ice accretion on the airframe.
Weather is the phenomenon that causes changes in air-
craft performance by providing conditions conducive to
ice formation on an airframe. Thus, the ice accretion pro-
cess may be viewed as an input—process-response sys-
tem (Fig. 1). Weather is processed by the aircraft to pro-
duce ice on the airframe, which, in turn, influences air-
craft performance.

Aircraft Performance

Input Process Response

Figure 1. Aircraft icing paradigm.

airspace class, mode of flight (i.e., approach, departure,
or cruise), or some other factor? Is a ground-based sys-
tem sufficient, or would an aircraft-mounted sensing
system add significant value? What spatial and temporal
resolutions are needed, and how do pilots prefer to view
the data—as plan, profile, or perspective views, and as
individual temperature and liquid-water content maps,
or as composite maps of icing potential? How should
icing potential be expressed, and how should hazard
areas be identified? Though all of this information is
not needed to begin research in all areas, it does set the
stage and reduces the possibility of misdirecting
research and development. It also allows work to begin

Sensing requirements are independent of specific air-
craft, because different aircraft process identical weather
conditions in different ways: The same weather condi-
tions may produce different icing conditions on a light
piston-engine aircraft than on a jet transport or a helicop-
ter. And identical weather conditions may produce dif-
ferent icing conditions on an aircraft in different flight
configurations depending upon power application, angle
of attack, skin temperature, and other factors. Although
the meteorological conditions may be identical, the pro-
cessed information provided by the remote-sensing sys-
tem should be aircraft-specific to allow the pilot to antici-
pate potential aircraft performance changes due to icing.
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2.6 Organization of this report

Broadly, research and development for remotely
detecting icing conditions can be placed in three cate-
gories: operations, meteorology, and technology. Op-
erations includes the human/machine interface,
regulatory issues, avoid/escape strategies, aircraft inte-
gration, training, and terminology. Meteorology involves
atmospheric environment and characteristics that must
be sensed. Technology refers to the remote-sensing
systems that may be able to sense icing potential. Sub-
areas of research and development needed are identi-
fied within each primary category. This report gives an
overview of the state of the art, describes barriers and
opportunities to development, and recommend devel-
opment directions.

3.0 OPERATIONAL REQUIREMENTS

3.1 Summary

Pilots are risk managers. When it is a question of
flight safety, they want clear, unambiguous informa-
tion about the location and intensity of weather threats
before they enter them. A top-level requirement with
regard to icing is to provide pilots with a decision-support
system specific to the remote sensing of icing potential
ahead of aircraft. Standoff guidance about icing poten-
tial could be provided from satellite and ground-based
sensors uplinking information to the cockpit or from
aircraft-mounted remote-sensing systems. However,
satellites still do not have the capability of providing
high spatial- and temporal-resolution icing information.
Ground-based sensing systems at airports would be
most cost-effective per aircraft served, protect the most
critical phases of flight, and are systems for which
sensing technologies are most mature. Aircraft-based
systems would be most costly per aircraft and the tech-
nologies are least mature, but aircraft would be pro-
tected in all phases of flight, especially when arriving
or departing from small, remote airports that do not have
remote-sensing systems.

Ground-based systems should be developed first,
because of their near-term technological maturity and
cost effectiveness as an operational test bed, and to pro-
tect congested airport approach and departure areas.
Satellite-based sensors need continued development to
supplement local sensing systems and to provide pro-
tection during cruise flight where spatial and temporal
detail may not be as critical. Aircraft-based systems need
the greatest development, but they offer the greatest
potential for providing the information pilots need.

Pilots need information, not data. Thus, remote-
sensing systems must provide clear, simple displays that
reduce and do not add to flight-management demands
in critical approach and departure flight regimes where
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icing is most frequently encountered. Because wind-
shear alert systems have evolved since the development
of cockpit resource-management concepts, they may
serve as useful analogs for designing an effective pilot
interface for icing avoid-and-exit advisory systems.
Research is needed in this area. In addition, unlike wind
shear, which is a directly sensed threat to aircraft, icing
does not occur until aircraft enter icing conditions, pro-
cess cloud microphysical conditions, and create ice on
the airframe (Fig. 1). Thus, icing potential is a virtual
phenomenon, and the most appropriate methods for
quantifying, analyzing, and displaying the virtual threat
must be determined. The types of display, terminology,
methods of indicating potential icing intensity, sensor
range, resolution, accuracy, and refresh rate and warning
time needed are a function of airspace class, aircraft
type and configuration, and mode of flight. This mix of
conditions needs to be considered in developing opti-
mal pilot information systems, training protocol, and
sensing systems.

Cost, weight, space, power, and maintenance are
some of the concerns of aircraft manufacturers and
operators. The aircraft most needing protection—com-
muters, helicopters, and light aircraft—offer the fewest
of these resources, so for airborne sensing systems, the
need is to provide the greatest benefit for the least
impact. The spatial and temporal threat of icing is gener-
ally small when viewed annually, so it is probable that
icing remote-sensing systems will not be installed in
lieu of competing avionics or weapons systems. They
will probably be used only if mandated or required
because of market or extreme safety pressures.

Remote sensors may provide pilots with the location
and intensity of icing potential ahead of their aircraft.
However, pilots must also be able to determine how
this icing potential will affect safety, because a deci-
sion to enter or avoid the sensed conditions is a func-
tion of the aircraft’s ability to operate in icing. Aircraft
are certified for flight in icing conditions according to
atmospheric criteria specified in FAA FAR 25, Appen-
dix C, but pilots need to know how aircraft respond to
conditions outside of Appendix C. They also need to
know how much additional icing an iced aircraft can
tolerate. That is, they need to know how much ice is
necessary to produce unsafe operating conditions. Air-
craft may have to be tested outside of Appendix C con-
ditions to determine their operational limits. In addi-
tion, the development of smart aircraft-monitoring sys-
tems may also be needed to guide the pilot’s decision
to enter or avoid icing.

An important side benefit of onboard icing remote-
sensing systems is the potential for downlinking weather
information to other aircraft, air traffic controllers, and
meteorologists. Downlinked weather information, from




both remote-sensing and in-situ sensors aboard aircraft,
will improve temporal and spatial accuracy beyond what
is now possible with pilot reports. Accurate downlinked
cloud liquid-water content, drop sizes, and temperature
will improve icing forecasts and provide more accurate
icing warnings for other aircraft. Up- and downlinking
of weather information to and from the cockpit are areas
of research being addressed by the Advanced General
Aviation Technology Experiment (AGATE) program
and by NASA Langley Research Center in the Aviation
Weather Information (AvWIN) program.

Efficient, cost-effective methods for testing remote-
sensing technology, testing display and information-
management techniques, and developing avoid-and-exit
protocol and training are necessary for development and
certification. Sensors may be tested from ground-based
test beds and airborne platforms. Ground-based test beds
include wind tunnels, spray rigs, and mountain-top test
sites. The advantages of ground-based test beds include
cost, accessibility, and control of test conditions. Moun-
tain-top test sites allow less control over conditions,
but they do provide the variability of natural icing. Wind
tunnels and spray rigs cannot provide the spatial con-
ditions necessary for testing remote sensors, but they
can be used to test in-situ sensors and the environmen-
tal effects of icing conditions on sensors and airfoils.
Airborne platforms provide the best environment for
testing aircraft-based remote sensors. Overall, a combin-
ation of ground and airborne test beds will be necessary
to test both ground-based and airborne remote-sensing
systems.

3.2 Introduction

Operations establish the functional requirements of
a remote-sensing system designed to detect icing. The
goal of system development is to improve the safety
and efficiency of aircraft operations. However, opera-
tions is a complex, multifaceted problem. A compre-
hensive review of general operational needs in icing
environments is presented by Brayton and Hakala
(1996).

One element, and ultimately the most important ele-
ment, of operations has to do with pilots and their needs
(Vigeant-Langlois and Hansman 1999). Although pilots
are on the leading edge of the icing problem because
they are actually within the icing environment, they deal
with more than icing. Systems from which pilots seek
icing guidance must be designed in a manner that best
suits the operational requirements of the cockpit envi-
ronment and that effectively and efficiently helps pilots
make management decisions. This includes the design
of the display and information delivery system and train-
ing in its use.

3.3 Pilot needs and human factors
Pilots have three concerns about the icing environ-
ment (Vigeant-Langlois and Hansman 1999):

» How to recognize that they are approaching or are
in icing conditions hazardous to their aircraft

* How to avoid icing

* How to escape icing.

In-flight icing is a frequent topic in pilot safety briefs
and popular literature (Buck 1988, Collins 1989,
Schuyler 1989, Taylor 1991, Bertorelli 1992, Horne
1994, and others). Over the years, rules of thumb, advice,
and regulatory requirements have created ad hoc proto-
cols for icing avoidance and escape. As a result, most
pilots manage to avoid forecasted icing by not flying,
or by making route deviations to avoid the conditions,
or they encounter ice and escape safely through good
fortune. Tales of icing mishaps and escape are com-
mon fare in winter aviation literature (Creley 1990,
McClean 1992). Many pilots do not survive icing
encounters because they did not recognize that they
were in ice until too late, and they did not have the
ability or capability to escape once immersed.

One of the larger causes of this avoidance and escape
problem is the quality of icing forecasts. Most pilots
who want to avoid icing cannot, because icing fore-
casts do not have sufficient accuracy as to spatial, tem-
poral, and intensity criteria (Erickson et al. 1996, Green
etal. 1996, Stack 1996, Clark 1997). Forecasts are often
made conservatively, on the side of safety, to minimize
accidents and compensate for inadequacies in forecast
procedure. However, this causes aircraft to not fly or to
divert when it may not be necessary because large areas
forecasted for icing may not have ice or even clouds.
As aresult, the aviation system is less efficient, though
safer.

3.3.1 Pilot needs

Pilots need information for making risk-management
decisions about in-flight icing. They want to be able to
determine whether they are in or about to enter icing,
because icing clues are often not visible from the cock-
pit windows (Erickson 1997). Pilots also need to know
the location of icing and how intense the icing might
be without dipping their wings into it, as is now neces-
sary (Green et al. 1996). Onboard, in-situ ice detectors
(reactive detection systems) are a solution to the prob-
lem of determining exposure to icing for many fixed-
wing aircraft and a few helicopters (Bracken et al. 1996),
but even these systems require that the aircraft enter
icing conditions before determining that they are in
hazardous conditions.

Pilots need clear, unambiguous guidelines as to when
severe conditions are entered or warning that severe
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conditions lie ahead with sufficient lead time to avoid
them (Erickson 1997). According to Coleman (1996)
of the Regional Airline Association, the answer to main-
taining safety in icing conditions is to locate severe icing
accurately and then avoid it. Because icing forecasts
cannot provide the needed accuracy at the present time,
remote detection or standoff (prediction detection) sys-
tems may (Green et al. 1996).

Standoff guidance of icing conditions ahead of air-
craft could be provided in at least three ways, all using
a form of remote-sensing system. One method under
development utilizes satellite remote-sensing to map
icing potential and uplink information to aircraft (Lee
and Clark 1995, Vivekanandan et al. 1996, Lee 1997,
Thompson et al. 1997, Curry and Liu 1992). Satellite-
derived information can be used to delimit areas with
liquid water, subfreezing temperatures, and cloud cover.
Analyses could be accomplished in near real-time and
would provide a useful predictive detection capability.

Another method, also under development, utilizes
ground-based sensors at airports to map icing condi-
tions in approach and departure areas (Gary 1983, Deck-
er et al. 1986, Stankov et al. 1992). Remote sensors to
detect temperature profiles, cloud boundaries, liquid-
water content, drop-size spectra, and cloud phase from
the ground are nearly available. Walter and Moynihan
(1997) even propose a mobile system for military use.
An airport-based system would serve all aircraft, util-
ize largely existing technologies or technologies that
are nearing maturity, and serve the phases of flight most
likely to experience icing. It would be a cost-effective
approach, considering cost per aircraft served (Owen
1997).

A third system would be an in-flight, aircraft-mounted
remote detection system (Sand and Kropfli 1991; Fourn-
ier 1993; Siquig 1993; EWA 1996; Ryerson 1996, 1997,
1998). An airborne system would require elements simi-
lar to a ground-based system, with the ability to detect
temperature, liquid-water content, and drop spectra.
However, the technologies may be quite different
because of their use on a small moving platform, scan-
ning primarily horizontally, and operating within
restricted power and weight limits.

Pilots need better information than is now available,
and they require information that is easily understood
and provides options (Vigeant-Langlois and Hansman
1999). An ability to see through an icing weather sys-
tem and map the extent of a threat area would be opti-
mal, but any more information than is now available
would be welcome (Clark 1997). A warning time of 1
to 5 minutes, preferably integrated into an existing dis-
play system, of areas that are of risk to aircraft would
be most useful, and even no warning time may be accept-
able (Erickson 1997).
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3.3.2 Human factors

Development of icing-avoidance avionics is a
human-centered development process because the intent
is to display information to pilots. Thus, information
needs must be assessed, and perceptual issues vs.
display design must be considered (Hansman 1997,
Vigeant-Langlois and Hansman 1999). A useful
approach to designing a human/machine interface for
icing avoidance is to review issues addressed in other
weather-avoidance areas. Recent developments of
onboard wind-shear alert systems and other weather-
avoidance systems, especially since cockpit resource
management has been recognized as a consideration in
single- and multiple-pilot cockpits, may serve as reason-
able analogs. One important finding of cockpit resource-
management research has been that automation can
cause human error as well as reduce it (Helmreich
1997). Because icing-avoidance systems are likely to
be in greatest demand during the approach and depar-
ture phases of flight, balancing the distraction against
the aid provided by an advisory system is critical to
its usefulness. A poorly designed interface may actu-
ally produce a hazard to flight, so proper human/
machine interface design is nearly as crucial to final
success as is the ability to sense cloud microphysics
accurately.

Icing is probably a more complex problem than wind
shear and convective turbulence because it is less com-
pact geographically, it is a hazard in all modes of flight,
and there is significant variation in the ability of differ-
ent aircraft to cope with the hazard. However, there may
be similarities. Wanke and Hansman (1991) evaluated
graphical displays of microburst alerts from both
ground-based and airborne detection systems. The
issues ranged from display clarity to pilot response to
alerts. Questions addressed involved the visual clutter
of adding alerts to existing navigational displays, val-
ue of single- vs. multiple-level intensity display, value
of indicating the alert source (ground or airborne), and
effect of alert source on pilot procedural response.
Active airline pilots were tested in a realistic transport-
aircraft flight simulator. The results showed that multi-
level intensity displays are desirable, the source of infor-
mation was not important because confidence was
placed in the alert whatever the source, and correlation
with other information was not important. The study
also suggested needed training areas, because pilots
often responded to alerts with evasive action that was
inappropriate or not necessary.

The amount of information displayed in the Wanke
and Hansman (1991) study did not appear to be an issue.
That is not always the situation, however, and it may
be related to single- vs. multiple-pilot cockpit environ-
ments. For example, Svensson et al. (1997) evaluated




the effects of information complexity on fighter pilot
performance in the Swedish air force. They found that
even moderately complex information, measured by the
amount of information provided, interfered with flight
tasks. The critical flight measure was an ability to main-
tain altitude above undulating terrain. When informa-
tion load increased to more than 8 to 10 items, pilots
could no longer integrate information and still fly the
airplane. The authors indicate, through numerous exam-
ples, that humans have severe limitations in what they
can receive, process, and remember, and the 8 to 10
information load items found in this study is consistent
with the generally 7 information load items found in
many other studies. They conclude that modern technol-
ogy can provide large quantities of information that
often make the pilot feel more confident, but perfor-
mance is governed by human, not technological, limi-
tations. Information overload can be a serious issue
because pilots will either fixate on one, perhaps trivial,
problem or lose the ability to ably accomplish any tasks.
Though flying in icing may not be as stressful as ter-
rain-following flight in a high-performance aircraft,
icing often is most threatening in the busy, critical depar-
ture and approach phases of flight.

Another issue for icing displays is the type of graphic
image provided to the pilot. Displays may be aircraft-
referenced or ground-referenced, and each may have
plan, profile, or perspective views. Though perspective
views look realistic, plan and profile views are better
for decision making (Hansman 1997). Early MIT stud-
ies of terrain-avoidance displays indicated that the type
of display affects behavior and thus the avoidance strat-
egy used by pilots, for example by avoiding terrain by
climbing vs. turning. Aircraft performance characteris-
tics, vertical and horizontal range, resolution, accuracy,
scan rate, and sensor limitations also affect the displayed
information.

Pilots need information, not data, so the display must
be a rendition of the icing environment that allows the
pilot to obtain the needed information unambiguously
and in a form that promotes appropriate response. One
of the issues is 2-D vs. 3-D displays and the way pilots
relate to each for different tasks. Cloutier (1997) pre-
sented two potential 2-D displays showing plan and
profile views of icing potential for helicopter pilots.
Boyer (1994) indicated that little research had been done
evaluating the effectiveness of 3-D weather displays,
and he addressed the benefits and costs of 3-D vs. 2-D
displays and conducted an evaluation using student
pilots for navigating around weather systems. He con-
cluded that 2-D displays offer advantages for navigating
around weather, with few benefits attributable to the
3-D display.

A measure of effectiveness of a look-ahead weather

alert system is the warning time provided for pilot reac-
tion. The warning time needed may be a function of
airspace class, aircraft type, mission, and mode of flight.
Though any warning time, no matter how short, may
be helpful (Erickson 1997), there may be minimum
‘warning times that are more acceptable than others.
Anderson and Carbaugh (1993) address this problem
for wind-shear-alert systems and consider it a critical
factor in how pilots judge the value of an alert system.
Vigeant-Langlois and Hansman (1999) address warning
distances for icing, with commuter pilots reporting as
little as 20 nautical miles as sufficient. All other classes
of pilots wanted longer warning distances, and thus
greater warning times.

According to Hansman (1997), aircraft certified for
flight in icing have only to avoid severe icing, whereas
aircraft not certified for flight in icing require more deci-
sion support for strategic and tactical planning, go/no-go
decisions, and escape guidance. A simple pilot deci-
sion structure has two options if icing is forecast, either
to not go—the risk-adverse path, or to go—the risk-
tolerant path. There are three outcomes for the risk-
tolerant path:

 Encountering no ice

+ Encountering ice but having options for avoiding
its effects

« A catastrophic outcome.

In the decision-making process, the risk of making
a flight is weighed against the flight’s value. For high-
risk flights, the incentive to make the flight must be
high for it to occur, or options must be available to
reduce the risk. The decision to fly into potential icing
involves having options for avoidance and escape, such
as seeking dry or warm air or turning back or landing
at alternates, to ensure a successful outcome. Other
possible outcomes are to reach the destination without
encountering ice or to have an ice-induced accident. A
remote-sensing ice-avoidance system may provide
information for exercising options and reducing risk.
Escape options are either vertical—finding warm or dry
air, or lateral—finding dry air (Vigeant-Langlois and
Hansman 1999). Research must be conducted on each
of the risk paths described above into how operators
and pilots may use in-flight ice detection to make flight
decisions. Vigeant-Langlois and Hansman (1999) also
indicate that pilots want escape guidance to be displayed
in the cockpit.

3.4 Manufacturers and operators

Aircraft operators and manufacturers are concerned
with the cost, weight, space, power, maintenance, and
training requirements of placing additional avionics
packages on aircraft. They are also concerned about
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the implications of a remote detection system being
onboard, for it implies that the aircraft cannot cope with
icing (Bond et al. 1997).

Cost is a large issue because aircraft that most need
remote ice-detection systems can afford it least—the
regional airlines (Owen 1997). In addition, unless a
system is extremely inexpensive, remote-detection sys-
tems will find little use on light, private aircraft
(Vigeant-Langlois and Hansman 1999). This is a signifi-
cant problem in the Far North where light aircraft oper-
ate with no ice protection and with few or inadequate
weather advisories (Owen 1997). Even airlines operat-
ing large transport-category aircraft are reluctant to use
avionics they perceive to be of limited value because,
beyond the initial cost, there is the cost of flying it (lost
payload) as well as maintenance and training costs.

Weight and space are serious problems, especially
for light aircraft and on many smaller civilian and mili-
tary helicopters. Although these aircraft may not be ice-
protected, they may be IFR-rated and thus require the
additional security provided by remote ice detection.
Single-engine light aircraft have little space and weight
reserves and, in addition, there are few locations for
sensor arrays since the engine and propeller dominate
the front of the fuselage. It may be possible, however,
to operate a sensor through the propeller by synchron-
izing it with the rotating propeller (Kirkpatrick 1970).

Power is also a problem on many aircraft. Larger
civilian aircraft and military- aircraft carry power-
demanding avionics and weapons systems. As a result,
if space, weight, or power requirements are large for a
remote-sensing system, tradeoffs between other avion-
ics or a weapons system and the remote-sensing system
must be considered. The icing remote-sensing system
may be avoided because of the small percentage of time
that it may actually be used. Military users may also be
concerned about the signature provided by systems util-
izing active rather than passive remote sensors.

A remote-sensing system designed to detect icing
conditions ahead of an aircraft must be inexpensive,
small in size, low in weight, and require little power.
Though different types of aircraft may use systems of
different capabilities to reduce the impact of some of
these factors, all development should focus on mini-
mizing these liabilities.

3.5 Regulatory issues, weather forecasting,
and traffic management

3.5.1 Functional requirements

Above all, a system designed to detect icing conditions
remotely is a pilot decision-support system (Clark
1997). It is a system that senses conditions ahead of an
aircraft and translates it into an icing intensity index to
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advise the pilot whether conditions are threatening to
safe flight. Systems could provide air traffic controllers
(ATCs) and meteorologists with icing intensity
information and measured cloud microphysical
parameters. They could upload weather and satellite
information from the surface and integrate it with
remote-sensor guidance (Bond et al. 1997). They could
also use information from onboard in-situ sensors to
corroborate remotely sensed information and integrate
all sources of information into a comprehensive icing
advisory system. Overall, aircraft icing remote-sensing
systems could aid pilots, meteorologists, air traffic
controllers, dispatchers, and ultimately the public
through improved aviation safety.

3.5.2 Regulatory issues

Regulatory agencies are responsible for providing
leadership and procedures for maintaining, improving,
and enforcing aviation safety. As a result, other than
requirements of individual operators and the military,
systems for remotely detecting icing may not be used
on most aircraft without being required by regulators.
Regulatory needs for operating in icing environments
have been identified by Brayton and Hakala (1996).
Nearly all changes in the regulatory environment that
they recommend would be affected by implementation
of remote ice-detection systems, and all would need
evaluation should onboard remote-sensing systems
become available. The areas most affected, and requir-
ing greatest study by regulators, would be weather
reporting procedures between aircraft and the ground,;
automated substitution for standard icing pilot reports;
handling procedures for aircraft wishing diversion;
flight crew, dispatch, and air traffic control (ATC) train-
ing; and icing severity terminology. Aircraft certifica-
tion to fly in icing conditions probably would not be an
issue, because specific aircraft capabilities within icing
would not be affected by warning systems; only their
ability to avoid and escape would be changed.

3.5.3 Incentives

Regulators determine what kinds of equipment
should be mandatory on aircraft in different categories
of operation. Because of cost and complexity, unless
there are special needs of individual operators, regu-
lators may have to mandate installation of remote-
sensing equipment for detecting icing conditions on
specific classes of aircraft. Such a mandate would be
preceded by a thorough evaluation of remote-sensing
system capabilities, with a focus on their ability to
enhance safety. Mandates for use on aircraft, or simply
certification for those operators voluntarily using sys-
tems, would require that regulators consider issues of
system integration and protocol compatibility.




3.5.4 National airspace impact

Regulators must determine the impact of remote-
sensing systems on operation of the national airspace
system, air traffic control, and the Free Flight concept.

3.5.5 Aircraft operational limits in icing

Pilots need to know the potential intensity of icing
ahead of their aircraft. They also need to know how
their aircraft responds to icing conditions, and they need
to know the limits of their aircraft with regard to icing.
FAR Part 25, Appendix C, defines icing cloud micro-
physics for aircraft design. However, if an aircraft is
not designed specifically to fly in conditions beyond
those described in Appendix C, it is not known whether
it can safely operate in those exceedance conditions. If
aircraft are not tested in conditions beyond Appendix
C, perhaps they should not be sent into those condi-
tions (Hill 1997).

Icing risk varies with aircraft size, aircraft design,
and airfoil type. Aircraft manufacturers must identify
the icing conditions that are beyond the capabilities of
their aircraft. Consideration must be given whether to
expand Appendix C conditions or create a new FAR to
address these conditions. Presently, pilots do not know
if they are flying in conditions within which the air-
craft was tested, and they do not know if the icing being
experienced will take the aircraft to its limits (Bettcher
et al. 1996, Parelon 1996, Erickson 1997, FAA 1997).
Although it is not absolutely necessary to the function-
ing of a remote icing-detection system, providing pilots
with information about their aircraft’s operational limits
and being able to relate information provided by sens-
ing systems to those limits would give pilots more con-
fidence about decisions to avoid or fly through icing.

3.5.6 Weather downlinking

Onboard icing-sensing systems, through immediate
and continuous downlinking, could provide forecast-
ers and numerical models with objective and timely
temperature, liquid-water content, and drop-size infor-
mation that is accurate in position. Goals of forecasters
at the NWS Aviation Weather Center are to better iden-
tify where icing is occurring, identify areas of greatest
risk, and determine when icing conditions disappear
(Carle 1997). The military has similar concerns (Tucker
1983, Peer 1986, Goe 1997). Downlinking of informa-
tion gathered onboard would indicate the magnitude
and location of icing potential, indicate where there is
no icing potential (Vigeant-Langlois and Hansman
1999), and provide improved forecast verification. A
program should be organized to formulate standards
for integrating ground, satellite, in-situ, and aircraft-
based icing information and to establish protocol for
auto-reporting to ground and to other aircraft. Regula-
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tors could use the information to establish protocol and
requirements. Since too much downlinked data could
result in confusion rather than clarity and actually
decrease the quality of information subsequently pro-
vided back to pilots, human-factors specialists should
work with pilot and meteorological interests to resolve
these problems.

3.5.7 Training

Training is critical to successful use of automated
systems. It is needed to provide familiarization with
systems and procedures. This will be most important
as remote-sensing systems are initially placed in the
field to assure that pilots, air traffic controllers, and
operators are aware of their operational characteristics.
There is often a tendency to over-rely on technology
because of apparent belief in its accuracy and reliability
(Transport Canada 1996). As a result, cockpit technol-
ogy tends to reduce vigilance and situational aware-
ness, which, in an icing environment, could be fatal.

Since remote-sensing technology may actually
detach pilots from the icing threat because automation
tends to increase confidence and reduce situational
awareness, there is increasing need to promote train-
ing. Training is needed on how the operational charac-
teristics of remote-sensing systems operate and where
their abilities and failings lie. This training should be
fed by studies about the characteristics of the system,
perhaps through work that would have been done to
verify system capability (Baum and Seymour 1980).
In addition, there must be training on how to respond
when an icing warning is displayed. Human-factors
research has addressed this issue for wind shear and
terrain-avoidance systems and recently for icing (Hans-
man 1997, Vigeant-Langlois and Hansman 1999). How-
ever, research is needed to determine the most appro-
priate avoidance and escape procedures for various
classes of aircraft in different types of airspace and
meteorological conditions. Establishing training stan-
dards and best management practices is a regulatory
and operator responsibility.

3.6 Test beds and platforms

Efficient, cost-effective methods of testing elements
of remote-sensing systems, and full systems, are needed
in the development stage under conditions representa-
tive of the operating environment. Ground-based test
systems are generally less expensive than airborne plat-
forms, so their use should be encouraged at all stages
of development until full testing on aircraft is required.

Airborne platforms, spray tankers, and perhaps
mountain-top observatories should be used to test proto-
types of individual sensors and of entire remote-sensing
systems. Remote-sensing systems intended for place-
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ment on aircraft must be capable of sensing horizontally
ahead of the aircraft and above, below, and to the sides
of the flight path, so they should be tested in the same
position as they will be used aboard aircraft to provide
confident results (Ryerson et al., 2000). Mountain-top
facilities that have potential testing capabilities include
the Desert Research Institute’s Storm Peak Laboratory;
Elk Mountain, operated by the University of Wyoming;
Whiteface Mountain Observatory, operated by the State
University of New York, Albany; and Mt. Washington
Observatory, N.H. (Ryerson et al., in prep.). An advan-
tage of mountain-top facilities is the availability of natu-
ral icing conditions. Likewise, a disadvantage of natu-
ral icing is the lack of control over conditions. Research
aircraft available for testing may include the NASA
Twin Otter, the NRC Twin Otter and Convair 580, the
NCAR King Air, and aircraft from the University of
Wyoming, the University of North Dakota, and a vari-
ety of private companies (Marcotte et al. 1996). The
Air Force tanker spray rig has been removed from ser-
vice, but the Army still operates its Helicopter Icing
Spray System (HISS) from Fort Rucker, Alabama.

Flight simulators may also provide information use-
ful for establishing sensor system characteristics. For
example, pilots’ abilities to react within given warning
times provides information for establishing sensing
range and update frequency.

4.0 METEOROLOGICAL SENSING
REQUIREMENTS

4.1 Summary

The development of systems to measure icing poten-
tial remotely and in situ requires an understanding of
the medium being sensed: the atmosphere and its ther-
mal and liquid characteristics must be understood with
regard to the absolute magnitude of conditions and their
spatial distribution. This information is needed to evalu-
ate the feasibility of sensing and avoiding icing poten-
tial, to design instruments to sense conditions, and to
develop methods of avoiding and exiting icing condi-
tions. The atmosphere must be carefully characterized
with regard to icing potential to develop sensors and
training protocol, to create terminology for advising
pilots, and to provide better icing forecasts. Character-
ization is needed at all scales from the submesoscale to
the global scale, although the synoptic scale is proba-
bly best understood with regard to icing.*

Attempts to characterize the icing atmosphere,
liquid-water content, drop size, and temperature have
been conducted since the 1940s with a large range of

* Personal communication, M. Politovich, National Center for Atmo-
spheric Research, Boulder, Colorado, 1997.
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instruments, from multicylinders that provide integrated
measurements to current electro-optical systems that
provide measurements with high temporal resolution.
Thousands of research flight hours have resulted in a
general understanding of the magnitude of liquid-water
contents, and their spatial patterns, that can be encoun-
tered by aircraft. For example, it is understood that
higher liquid-water contents are generally found in
cumuliform rather than in stratiform clouds, that sum-
mer supercooled liquid-water contents are highest, and
that liquid water is generally more “cellular” than homo-
geneous over thousands of square kilometers. Studies
have also demonstrated that icing conditions, for liquid
water and drop size, are extremely variable and diffi-
cult to generalize. It is also recognized, though not nec-
essarily widely, that FAR 25, Appendix C, conditions
are only representative values for engineering design
purposes and are not intended to represent the actual
character of the icing atmosphere as encountered by an
aircraft.

The characterization of the icing atmosphere has
been accomplished somewhat randomly because of the
cost of airborne research projects. Each program has a
specific focus, so flight hours are typically consumed
trying to answer the primary research questions of the
project. A large-scale monitoring program dedicated to
the characterization of icing conditions would allow
large geographic areas, with weather conditions experi-
enced by most of the nation, to be sampled consistently
and frequently to produce information that is statisti-
cally valid. Work by Cooper et al. (1982) and Sand et
al. (1984), by the Canadian Freezing Drizzle Experi-
ment (CFDE), and by the NASA Glenn Research Center
during the winters of 1996-1997, 1997-1998, and
1998-1999 (Miller et al. 1998) have come closest to
the ideal of covering large geographic areas with mod-
ern, carefully calibrated instrumentation. One way to
do this would be to instrument commercial or military
aircraft that fly large numbers of hours, as Perkins
(1952) did, enabling a representative sample of icing
conditions to be made nationwide and reported through
a system such as ACARS (Aircraft Communications
and Reporting System). Ground-based remote-sensing
systems installed at airports to protect terminal areas
may also be able to provide characterization informa-
tion similar to that of in-flight programs. This is another
argument for accelerating airport-based remote-sensing
icing-avoidance systems. Finally, icing radiosondes are
available for measuring supercooled liquid water with
height within clouds (Hill 1994). Such radiosondes,
fielded nationally by the NWS, could improve icing
forecasts and the characterization of supercooled cloud
water.

Cloud liquid water is generally better understood




than is drop size. Nevertheless, the magnitude, distri-
bution, and organization of supercooled liquid water in
3-D space is still only generally understood, especially
with regard to the conditions that aircraft typically
encounter. A large component of the problem within
supercooled clouds is glaciation. Though attempts have
been made to model and measure glaciation to develop
a better understanding of the process, it is still not possi-
ble to predict accurately whether a given cloud is glaci-
ated, when it will glaciate, and how much of the total water
content is ice. Some remote sensors are sensitive primari-
ly to liquid water, such as microwave radiometers, and
for users of these systems, mixed-phase clouds are of
little concern. However, mixed-phase conditions may
enhance the ability of radar to detect liquid water, so
the glaciation process needs to be better understood.

Although less important than liquid-water content for
determining the amount of ice to form on an aircraft,
drop size, and especially supercooled large drops
(SLDs), determine the location and shape of ice forma-
tions. Thus, drop size may have a larger impact on iced
aircraft aerodynamics than liquid-water content does.
Drop size is also a more difficult parameter to measure
than liquid water, and characterization is therefore less
complete than for liquid water. Cloud droplet size varies
with cloud type, cloud dynamics, location within clouds,
from cloud to cloud, with the season, air-mass origin,
and other factors. Drop sizes are often characterized by
the median volume diameter (MVD), which assumes a
unimodal drop-size distribution. This may not always
be the situation, especially when SLDs are present.

The shape of the drop-size distribution must be care-
fully sensed and characterized. This is especially impor-
tant for SLDs. Instruments that count drops, such as
optical array probes, have the best probability of suc-
cessfully characterizing drop size. Characterizations of
drop size conducted concurrently with liquid-water
measurements will provide relationships between the
two and to atmospheric dynamics. Drops are usually
smaller within stratiform than within cumuliform clouds,
but more emphasis should be placed on explicit drop-
size measurements and, at least, characterization of the
drop-size spectra.

The need to characterize SLDs is even more critical
than characterizing smaller drops because of the danger
SLDs present to aircraft and because far less is currently
known about them than about smaller drops. Flight pro-
grams to measure SLD characteristics, such as the Cana-
dian CFDE project and the NASA Glenn Research Cen-
ter SLD program, should be continued and expanded.
Ground-based programs may also be useful for charac-
terizing conditions aloft. For example, sleet, freezing
drizzle, and freezing rain at the surface are often accom-
panied by freezing precipitation aloft. Utilization of
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ASOS (Automated Surface Observing System) observa-
tions at over 600 locations nationally (Ramsay 1997),
which observe freezing rain, could improve understand-
ing of the location, spatial patterns, frequency, and mag-
nitude of SLDs.

Proponents of in-flight remote-sensing systems have
argued that outside air-temperature measurements made
at the fuselage are adequate for temperature character-
ization ahead of the aircraft. Though this may be gener-
ally true in cruise at constant-altitude flight, it is not
true where icing is most likely to occur: within storms
and in the climb-out and descent phases of flight. Air
temperature changes most rapidly in the vertical and
within storm systems. Storms and lower altitudes are
also where supercooled water is more frequent, so the
reliability of outside air-temperature measurements for
predicting temperature ahead of the aircraft is least
where the need is greatest. Thermal lag also occurs as
snow falls into warm air and melts, and as rain falls
into colder air and supercools, making drop tempera-
ture unknown even if air temperature is known. In addi-
tion, evidence from a few studies suggests that temper-
ature does fluctuate considerably within cloud masses
and from cloud to cloud and from clear to cloud. Air-
temperature fluctuation, especially near 0°C, must be
better characterized within clouds and near frontal sur-
faces. Radiosonde observations and in-flight measure-
ments from existing flight programs can provide most
of this information.

The spatial structure and the size of icing areas have
not been characterized. Spatial patterns of icing must be
characterized at all scales, from global to submesoscale,
but spatial patterns are perhaps best understood at the
synoptic scale. The horizontal extents of icing speci-
fied in FAR 25, Appendix C, do not imply the overall
dimensions of icing cloud systems. Overall, little work
has been conducted in this area, with the best character-
izations being by Cooper at al. (1982) and by the Cana-
dian CFDE program (Cober et al. 1996b).

Cloud microphysics are a focus of several large fed-
erally funded research programs, and icing remote-
sensing researchers should partner with these teams to
accomplish objectives more efficiently. For example,
the DoE Atmospheric Radiation Measurement (ARM)
Program monitors cloud microphysics to determine the
effects of cloud cover, type, height, and phase on glo-
bal radiation budgets. The ARM program maintains
field sites in Oklahoma and on the North Slope of
Alaska. Remote sensing of clouds is one of their tools,
and NOAA ETL has been a participant in this capacity.
The Global Energy and Water Cycle Experiment
(GEWEX), part of the World Climate Research Pro-
gram, also has a cloud microphysics component that
may be of value to aircraft-icing remote-sensing research.
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Finally, experiments are being conducted by federal,
state, and private groups to augment precipitation (cloud
seeding). This often involves monitoring of cloud micro-
physics. Efforts should be made to interact with these
groups and perhaps to conduct coordinated research.

Characterization requires reliable and accurate instru-
mentation for making in-situ measurements. The ideal
instrumentation for measuring cloud microphysics
would be similar in character to instruments currently
used on aircraft for determining airspeed and outside
air temperature: generally small, inexpensive, accurate,
robust, maintenance-free, and unobtrusive. A focused
effort is needed to simplify and miniaturize current
instrumentation, but efforts should also be made to com-
pletely rethink cloud microphysics instrumentation and
to design and develop completely new concepts.

Finally, icing terminology needs improvement. This
is being addressed in the FAA Inflight Aircraft Icing Plan
(FAA 1997). Currently, icing reports and forecasts are
not purely meteorological but include the aircraft.
Though practical, because pilots observe how icing is
affecting their aircraft, the current terminology is not
effective because it does not utilize purely meteorologi-
cal information to evaluate icing intensity. The aircraft
must be separated from weather to evaluate icing con-
ditions objectively and unambiguously.

4.2 Introduction

Information required to assess in-flight aviation icing
hazard is derived from measurements of the atmospheric
conditions that create ice on aircraft. In order of impor-
tance, those conditions are cloud or precipitation liquid-
water content, drop temperature, and drop size.* Of these
three conditions, liquid water is most important because
it is the material that creates ice on the aircraft. Liquid-
water magnitude varies widely, both spatially and tem-
porally, so it must be measured continuously.

Droplet temperature is the second most important
atmospheric condition affecting icing; it determines in
part whether liquid water will freeze on an aircraft struc-
ture. Air temperature (static and total temperature are
not distinguished here) may serve as a surrogate for drop-
let temperature, especially if droplets are so small that
their fall speed allows them to maintain a temperature
nearly that of the surrounding atmosphere. However,
snow or graupel falling into a warm layer may melt or
partially melt, resulting in particle temperatures colder
than the air in the warm layer. If the particles or droplets
then fall into colder air below, they will be warmer than
the air. Air temperature may be relatively constant over
large horizontal distances, but it may also fluctuate con-

siderably within clouds and from cloud to cloud. In addi-
tion, temperature may change rapidly within frontal
systems and in the vertical, as experienced by aircraft
when changing altitude rapidly upon departing or
approaching terminal areas.

Liquid-water drop-size spectra determine the loca-
tion of drop impingement on airframe structures, the
type of ice that forms, the shape of ice that forms, and
the location of ice on the airframe as a result of run-
back. Runback is caused by supercooled large-drop
impingement and flow along the airfoil chord causing
freezing on areas of the airfoil unprotected by deicing
equipment. Runback has become a critical problem,
especially with respect to SLDs within the drizzle size
range (typically diameters of 50 to 500 wm). Runback
and formation of an ice ridge immediately aft of the
boot-protected leading edge is believed to be the cause
of the ATR-72 crash in Roselawn, Indiana, in October
1994 (NTSB 1996). The overall characterization of
SLDs vs. smaller drop sizes is relatively poorly under-
stood, so special emphasis should be placed on charac-
terizing the SLD environment.*

Liquid water, drop temperature, and the drop-size
spectra are the most important indicators of in-flight
aircraft icing potential, and thus the most important
conditions to characterize for the development of the
sensing needs of remote-sensing systems. However, it
may also be useful to sense conditions that are not criti-
cal to icing potential but that may serve as surrogates
for the other conditions. For example, range-resolved
remote sensing of air temperature or droplet tempera-
ture may prove to be the most difficult remote-sensing
challenge. Whether clouds are glaciated or partially
glaciated, or mixed-phase, may provide an indication
of whether liquid-water temperatures are warmer or
colder than freezing, so the ability to detect ice within
clouds may serve as a surrogate binary temperature indi-
cation of above- or below-freezing conditions. How-
ever, little is known about the glaciation process and
the probability of glaciation at given temperatures below
freezing. Nevertheless, characterization of cloud glaci-
ation with temperature, to determine if it would be a
meaningful surrogate for temperature, may be useful.

The magnitudes of liquid-water content, tempera-
ture, and drop-size spectra must be characterized to
provide specifications for remote-sensing technology.
The spatial variability of these conditions must also be
characterized. Characterization is needed at the mesos-
cale (~104-106-m scale), synoptic scale (~106-m scale),
and global scale, although for different reasons, depend-
ing on the scale. Characterization of spatial variability

* Personal communication, M. Politovich, National Center for Atmospheric Research, Boulder, Colorado, 1997.
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Figure 2. Sensing range affects avoid-and-exit capability.

may provide indications of the range and spatial reso-
lution needed by remote-sensing systems. The ability
of a system to sense completely through typical icing
storm areas, for example, would provide aircraft with
avoidance capability without the risk of entrapment
(Kirkpatrick 1970) (Fig. 2). In addition, if icing poten-
tial is nearly uniform spatially at the submesoscale, then
remote-sensing capabilities may not be practical for
avoiding or escaping icing. Spatial characteristics at the
synoptic scale will indicate what portions of storms
provide the greatest icing threat and indicate where
remote-sensing systems are most needed. Global-scale
patterns of icing indicate where icing threats and the
needs for remote-sensing capabilities are greatest.

4.3 Characterization needs

Characterization of the dynamic range of liquid
water, drop size, and temperature are needed to estab-
lish sensing specifications for hardware development.
The general ranges of conditions that could be observed
are generally understood (Pruppacher and Klett 1997,
Rogers and Yau 1989, Fletcher 1962), but the absolute
ranges of conditions within icing clouds, and the ranges
of conditions necessary to produce dangerous ice accre-
tions on aircraft under a full range of flight and design
conditions, are not well known.

4.3.1 Liquid-water content

FAR 25, Appendix C (FAA 1991), defines liquid-
water content and mean effective drop diameter (similar
to the median volume diameter [MVD]) from the sur-
face to 6707 m for stratiform clouds and from 1220 m
to 6707 m for cumuliform clouds. This is the minimum
standard to which all aircraft ice protection is designed
and may be the minimum standard to which remote-
sensing systems should be designed. However, although
horizontal extent is factored into Appendix C (as a func-
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tion of cloud type), allowing for larger liquid-water
contents in shorter distances, Appendix C represents
only integrated liquid-water contents over distances and
does not address maxima or minima that can occur
within those distances. That is, “pockets” of liquid-water
content can be much larger or smaller than the inte-
grated values within a distance represented by Appen-
dix C. According to Masters (1983), the original intent
of Appendix C was to represent averaged liquid-water
content values during exposure over varying distances,
so Appendix C is only a starting point for remote-
sensing system specification. Appendix C is effective,
within its limits, for creating ice-protection system
specifications as long as instantaneous values of liquid
water are of no concern, but it is not as effective for
determining the maximum and minimum liquid-water
values that may be experienced along a given route of
flight. For this reason, it is necessary to review field
measurements within icing conditions to determine the
absolute range of conditions that can be experienced.
In addition, the range of conditions with greatest impact
on aircraft operations must be considered for studies of
the effect of icing on in-flight aircraft performance (Jeck
1998).

The National Advisory Committee for Aeronautics
(NACA) Lewis Flight Propulsion Laboratory and Ames
Aeronautical Laboratory conducted many research
flights within stratus and cumulus clouds from 1945
through 1950 (Lewis et al. 1947, Lewis and Hoecker
1948, Kline 1949, Kline and Walker 1951). Cloud
liquid-water content was measured with rotating multi-
cylinders and a rotating-disk icing-rate meter. Rotating-
multicylinder and icing-disk measurements are inte-
grated over periods of minutes, so absolute magnitudes
over shorter periods, and thus distances, are not well
identified. Nevertheless, one flight program provided
maximum liquid-water contents of 0.28 g > and 0.76
g m~3 for stratus and cumulus clouds, respectively, and
90% of the measurements measured less than 0.5 g n3
in stratus clouds and less than 1.2 g m™3 in cumulus
clouds (Lewis et al. 1947). Flights over the Great Lakes
measured liquid-water contents ranging from 0.05 g nr3
to 0.57 g m3 with a median of 0.22 g m~3 and a mean of
0.19 g m~3 (Kline 1949). Ninety percent of liquid-water
contents were less than 0.40 g i3, and 50% of all cases
were less than 0.18 g m™3. Thirty-seven research flights
over most of the northern United States measured mean
values of maximum liquid-water contents averaged over
distances of 0.5, 3.0, 15, and 60 miles of 1.05, 0.63,
0.33, and 0.14 g m~3 for cumulus clouds, and 0.44, 0.27,
0.16, and 0.08 g m3 for stratus clouds. Finally, flights
in stratiform clouds yielded a maximum liquid-water
content of 1.30 g m—3, with 90% of measurements less
than 0.54 g m=3 and 50% less than 0.30 g m~3 (Kline
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and Walker 1951). Large values were typically sought
during these flights for establishing engineering stan-
dards.

Perkins (1952) instrumented with icing rate meters
four United Airlines DC-4 aircraft that flew from New
York City to San Francisco from January through May
1951. Of a total of 1120 hours of flight time on typical
commercial routes and altitudes, icing was encountered
1.5% of the time. Maximum liquid-water contents did
not exceed 1.0 g m—3, and 80% of measurements were
less than 0.4 g m3.

In March 1979, Jeck (1980) made in-cloud liquid-
water measurements over Lake Michigan and in the
vicinity of Lake Erie. He compared instrumentation
used in research flights from the 1940s and 1950s to
then-current instrumentation and discussed sources of
measurement error when using multicylinders to meas-
ure liquid water. The most significant problem was run-
off due to incomplete freezing of water impinging upon
the cylinders. This occurred when the proper combina-
tions of air temperature and liquid-water content caused
the ice temperature to remain at 0°C, the so-called
“Ludlum” limit. Jeck mounted a Johnson-Williams hot-
wire liquid-water probe that measured liquid water accu-
rately only when drop sizes were smaller than 30 um
(due to design limitations) on a Lockheed Super Con-
stellation aircraft. Measured liquid-water contents were
somewhat smaller than historical measurements, in part
because his measurements were in the lower portions
of stratus clouds, whereas earlier measurements sought
the largest values typically encountered, near cloud tops.
On the Jeck flights, icing generally did not occur on the
aircraft when liquid-water contents were less than 0.08
to 0.10 g m3, In stratus clouds less than 1524 m agl,
95% of all liquid-water measurements were less than
0.6 gm3,

In a comprehensive review, Cooper et al. (1982) and
Sand et al. (1984) summarized five years of flights made
with modern instrumentation by the University of Wyo-
ming King Air. Over 98% of summer and winter and
continental and coastal cloud liquid-water measure-
ments—423,787 seconds of measurements with a
Johnson—Williams hot-wire liquid-water probe and a for-
ward-scattering spectrometer probe (FSSP)—were less
than 1.0 g m=3, and only 0.2% of samples exceeded 2.0 g
m-3, Liquid-water contents nearly as high as 3.0 g nr3
were encountered, but in less than 0.01% of all measure-
ments.

Jeck (1983) and Masters (1983) compiled a new
database of supercooled cloud properties up to 3049 m
from about 12,955 km of icing observations using a
mix of old and new measurement technology, from
multicylinders to newer optical and hot-wire instrumen-
tation. This database was constructed to address the
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different conditions experienced by light aircraft and
helicopters below 3049 m. Supercooled liquid-water con-
tents of up to 1.7 g m~3 were found, but 99% of values
were less than 1.1 g m~3, and 95% were less than 0.6 g
m~3 for all cloud types. Larger liquid-water contents are
theoretically possible below 3049 m, but values greater
than 2.2 g m™3 are not likely. Liquid-water values were
largest in cumuliform clouds and behind cold fronts in
maritime air.

Jeck (1982) also sorted the database described above
(Jeck 1983) according to synoptic situation and air-mass
category. The resulting liquid-water contents represent
average values over uniform cloud intervals of more than
1 km, so peak liquid-water values are not represented.
In general, modern data liquid-water contents were 1.1
to 1.2 g m3 in cumulus clouds within lake-effect areas,
modified continental air masses, high-pressure areas
without fronts, and in maritime air masses. Liquid-water
contents were lowest, 0.2 to 0.4 g m3, in warm frontal
stratus clouds, occluded-front stratus clouds, cold-front
cumulus clouds, and upslope stratus clouds.

Jeck later expanded the database for icing conditions
below 3049 m to include all altitudes and presented
seasonal analyses of liquid-water content for design
purposes (Jeck 1989). Seasonal liquid-water magnitudes
were isolated not by calendar date, but by grouping
measurements by the height of the freezing level, with
lower freezing levels occurring during winter condi-
tions. Freezing levels below 1524 m agl were used for
winter conditions and above 3049 m for summer con-
ditions. Nearly 85% of stratus cloud occurrences were
below 3049 m, with the largest liquid-water contents,
maximizing near 0.9 g m3, occurring near 1524 m for
warm and cold seasons. Liquid-water content was less
than 0.3 g m~3 90% of the time in the stratus. More than
50% of convective clouds occurred above 3049 m, and
cold-season convective clouds typically had liquid-
water contents of less than 2.0 g m3, with this maxi-
mum occurring near 3659 m. Summer convective
clouds, however, had maximum supercooled liquid-
water contents approaching 5.0 g m™3, but only above
6098 m.

In a review of the state of knowledge of aircraft icing
conditions from around the globe, Hoffman (1984)
stated that icing occurs within liquid-water contents of
0.01g m3 to 6.0 g m-3, though values larger than 2.5 g
m=3 are found only in tropical cumulonimbus clouds.
Atany given altitude, liquid water within stratus clouds
can vary between 0.01 to 1.0 g m3, and in cumulus
clouds it can vary between 0.01 and 1.7 g o3,

Twenty-five flights measuring liquid water in strato-
cumulus clouds in Germany with a Johnson—Williams
probe indicated that liquid-water contents varied from
0.05 to 0.45 g m3 (Hoffiman et al. 1986). Integration




distances were 18.5 km, so the values do not represent
maxima encountered during flight.

Telford (1988) analyzed the causes of instability and
the loss of a Desert Research Institute research aircraft
measuring layered cloud properties in the Sierra Nevada.
Extreme icing was associated with the crash, and liquid-
water contents were measured from 0.2 g nr3 to a maxi-
mum of 1.4 g m=3 prior to the crash. Measurements
were instantaneous and were made with an FSSP and a
Johnson—Williams probe.

In a detailed study of a winter storm and shallow
cold-front passage in the Denver area, Politovich and
Bernstein (1995) measured unusually high liquid-water
contents for that area in stratiform clouds of 0.6 g m3.
Severe icing was also reported by the research aircraft.

During the second Canadian Atlantic Storms Pro-
gram (CASP), Cober et al. (1995) reported 3745 super-
cooled liquid-water content measurements within an
800-km radius of Halifax, Nova Scotia, within strati-
form and “system” clouds such as through cold fronts,
warm fronts, and low-pressure areas. Clouds of oceanic
and continental origin were included. Though few com-
parisons of liquid water in maritime vs. continental
clouds have been conducted specifically with regard to
aircraft icing, in general, liquid-water contents are sim-
ilar for continental and marine clouds of a given gen-
era (Rogers and Yau 1989). Cober et al. (1996a) also
found that liquid water varied little between cloud types,
except for larger liquid-water-content standard devia-
tions in system clouds. Median supercooled liquid-water
content was 0.11 g m™3, with supercooled liquid-water
content exceeding 0.94 g m=3 only 0.01% of the time,
similar to conditions measured by Sand et al. (1984)
over the Great Lakes and California in winter. Stewart
et al. (1996) measured supercooled liquid-water con-
tents of warm and cold fronts off the Nova Scotia coast.
Cloud types are not provided, but the measurements
were made with modern optical instruments. Maximum
supercooled liquid-water contents were not greater than
0.9 g m=3, and typically they were less than 0.3 g m3.

Pruppacher and Klett (1997) summarize character-
istic liquid-water contents found in clouds by genera,
warning that liquid-water content typically varies
strongly from cloud to cloud. Early-stage cumulus typi-
cally have 0.2 to 0.5 g m™3, later-stage cumulus 0.5 to
1.0 g m3, and stratus and stratocumulus 0.1 to 0.5 g
m—3. Cumulus with strong updrafts have liquid-water
contents up to 5.0 g m=3. Though these measurements
were made in warm and cold conditions, the tops of
cumulus clouds typically have the highest liquid-water
contents, which, in the tropics, are often supercooled
and produce significant icing.

It is evident that modern measurements taken at short
time intervals are necessary to evaluate properly the
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true range of supercooled liquid-water contents that may
be encountered. Though general values are known, most
older measurements were made over rather long averag-
ing distances. Nearly instantaneous measurements, on
the order of one measurement each second (150 m for
a 300-kt research aircraft), provide high resolution.
Though the granularity of cloud liquid water is undoubt-
edly finer, higher resolution would not be necessary
for developing remote-sensor specifications.

Liquid-water content has been measured during field
programs with modern instrumentation at as fine as 1-
second intervals. Examples include ASTEX, the Atlan-
tic Stratocumulus Transition Experiment; FIRE, the
First International Satellite Cloud Climatology Project
Regional Experiment; the U.S. DoE ARM campaign,
Enhanced Shortwave Experiment; and many other
smaller programs. These data could be reanalyzed for
remote-sensing purposes if they could be acquired. In
addition, new flights should be made with better instru-
mentation.

4.3.2 Cloud drop-size spectra

Liquid water is delivered to aircraft surfaces as dis-
crete drops varying in diameter from only a few microns
at the smallest diameter to over 4000 um in rain drops
(Fletcher 1962, Pruppacher and Klett 1997, Rogers and
Yau 1989, Willis and Tattelman 1989). Drop size has
several important roles in aircraft icing.

One effect of drop size on airframe icing is its influ-
ence on the amount of water collected. The amount of
liquid water delivered to an airframe surface is a func-
tion of the collection efficiency of that surface as
affected by the relative speed between the surface and
the drop, the radius of the surface, and the drop diameter.
As relative wind speed increases, drop size increases,
and as surface radius decreases, droplet collection effi-
ciency increases. As a result, smaller drops are carried
over an airfoil surface to impact aft of the leading edge,
whereas larger drops impact closer to the leading edge.
Objects with a large radius are preferentially impacted
by large drops rather than by small drops. As a result,
the amount of liquid water delivered to a specific por-
tion of an airframe surface is a function of the liquid
water residing within that portion of the total cloud drop-
size spectrum striking the surface. This ignores run-
back and other effects that occur after drops impinge
upon the surface.

A second effect of drop size is upon the type and
shape of ice that forms on the airframe surface (Hans-
man 1985, FAA 1991, Shah et al. 1998). Depending
upon a variety of factors, including the amount of liquid
water impinging on a portion of airframe over a unit of
time and the collection efficiency of the icing surface
as a function of the drop-size distribution, the type and
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shape of the ice accretion will vary considerably. Low
liquid-water contents at low temperatures and small
drop size tend to create rime ice, and larger liquid-water
contents in warmer temperatures and larger drops tend
to produce clear ice (FAA 1991). Rime tends to pro-
duce anice surface that conforms generally to the shape
of the airfoil. Clear ice may create a smooth surface, or
it creates “horns” near the leading edge that have a large
impact on drag and airfoil lift. As drop size increases
within clear-ice conditions, the size of the accretion
increases, the impingement limits increase in area, and
the horns tend to form farther back on the airfoil (FAA
1991). Overall, according to Sand et al. (1984) and Polito-
vich (1989), drops larger than 30 wm in diameter have
a greater effect on flight than smaller droplets.

A third effect of drop size is runback. Although run-
back may occur over a large range of cloud drop sizes,

depending upon temperature and liquid-water content,

runback becomes more serious when the drizzle-size
regime is entered, at about 50 um. Here, all water does
not freeze near its impingement location—some runs
back and freezes beyond ice-protected areas of the lead-
ing edge. This often creates an ice ridge or roughens
wing surfaces, significantly altering airfoil acrodynam-
ics and aircraft performance.

Cloud droplet size varies by cloud genera, from cloud
to cloud, by season, and with location within clouds.
For example, the largest drops in growing, nonprecipi-
tating cumulus clouds typically occur near the center
and top of the cloud within updrafts. Smaller drops are
found near the cloud base and near the cloud perimeter
where dry air entrainment causes evaporation of drops
(FAA 1991). Overall, drop size is controlled by evapo-
ration, collision—coalescence, curvature and solute
effects, the Bergeron process, and the number and type
of cloud condensation nuclei present (Miller and Anthes
1980). As an example, maritime clouds of a given gen-
era typically exhibit broader drop-size spectra than do
continental clouds due to differences in the type, num-
ber, and size of cloud condensation nuclei (Rogers and
Yau 1989).

Cloud drop-size spectra are typically characterized
by the median volume diameter (MVD), the drop size
where one-half of the spectrum’s water volume resides
within smaller-diameter droplets and the other half
resides within larger droplets. Internal cloud dynamics
may create bimodal drop-size distributions, observed in
most cloud types in most climatic regimes (Pruppacher
and Klett 1997, Politovich and Vali 1983). Bimodal dis-
tributions are not properly represented by a single MVD,
however, which relies on a unimodal distribution. The
average collection efficiency of a drop-size spectrum
around a median volume diameter is generally quite
close to the collection efficiency of the MVD. However,
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the MVD alone does not describe the shape of the drop-
size distribution, nor does it adequately describe where
collection efficiency effects will cause ice accretion on
the airframe (Newton 1979, Cooper et al. 1982).

Early measurements of drop-size spectra were made
either with oiled or soot-covered slides or with the use
of rotating multicylinders. Slides were difficult to use in
high wind speeds, though they were occasionally used as
late as the 1960s (Warner 1969). Usually, rotating multi-
cylinders, developed in the early 1940s at Mt. Wash-
ington Observatory, were used instead of slides, and
they are still in use (FAA 1991, Howe 1991). Multi-
cylinders provide an indication of the shape of the drop-
size spectra by utilizing curves developed from theory
by Langmuir and Blodgett (1946) using the collection
efficiency of various-diameter cylinders for given wind
speeds and drop sizes. From these curves, and the
amount of ice collecting on each cylinder, the MVD
can be estimated. However, serious errors in MVD esti-
mation could occur with multicylinder use in large-
droplet situations, where MVDs approach 30 pm or
larger (Jeck 1980).

Drop-size spectra were measured coincidentally with
liquid-water content in most experiments. The database
created by Jeck (1980) at the Naval Research Labs, in
cooperation with the FAA, is probably the most compre-
hensive available. Jeck (1983) and Masters (1983) sum-
marized older and modern measurements both below
3049 m and at all levels of the atmosphere. Jeck (1983)
indicates that below 3049 m, average MVDs measured
with multicylinder and newer optical instruments, for
supercooled layer clouds, are about 13 pm and for con-
vective clouds they are 18 pm. MVD also shows temper-
ature dependence, with MVD increasing from 10 um to
about 30 um in stratiform clouds as temperature
increases from —25°C to 0°C. Jeck (1982) also observed
that MVD generally increases with altitude in single-
layer clouds below 3049 m.

Jeck (1983) questions the use of a minimum MVD
of 15 um in FAR 25, Appendix C, considering analy-
ses of the database of cloud properties below 3049 m
(Jeck 1980). Masters (1983) and Jeck (1983) both pro-
vide diagrams from this database showing MVDs in
icing clouds well below 15 um.

A summary of five years of cloud measurements by
the University of Wyoming (Sand et al. 1984) showed
MVDs ranged from 5 to 40 um, with a characteristic
MVD of about 15 um. The smallest MVDs were meas-
ured during the winter over the Great Lakes and the
Great Plains, with the largest MVDs in the summer over
the Great Lakes and Illinois and in the winter over Flor-
ida. Droplets were smaller in the Great Lakes and Illi-
nois areas because of low liquid-water contents, accord-
ing to Sand et al. (1984). No relationship was found



between icing effects on aircraft performance, a Beech
King Air, and the MVDs that produced the ice. Only
MVDs larger than 40 um, reaching into the supercooled
large-drop regime, affected aircraft performance.

Roebber (1988), in a review of icing potential on
helicopters and fixed-wing aircraft off the east coast of
Canada, presents statistics of drop sizes encountered
during icing and reported by the Royal Canadian Air
Force. The MVDs of convective clouds were between
18 and 21 um and for layered clouds near 12 pm, but
MVDs as large as 50 um were generally observed in con-
vective clouds, and as large as 40 um in layered clouds.

Jeck (1989) summarizes MVDs from his FAA/NRL
icing database for clouds at all altitudes. Mean MVDs
are 13 um for layer clouds and 17 um for convective
clouds. The range of MVDs within the database, by gen-
eral cloud type, are 7-21 um for layer clouds and 10-26
um for convective clouds.

Cober et al. (1995) reported on 31 flights into Cana-
dian east coast winter storms over the North Atlantic
Ocean and created a high-quality database of those
flights. Flights were made into fronts, low-pressure areas,
and stratus clouds. The average MVD for all clouds was
18 um: 16 um for low-level stratus clouds and 20 um
for “system” clouds. These measurements compare well
with earlier measurements in the area, according to
Cober et al. (1995), and with measurements by Sand et
al. (1984).

Politovich and Bernstein (1995) investigated the pro-
duction and depletion of supercooled liquid water in a
February 1990 winter storm in the Denver area. Strati-
form clouds associated with a cold-front passage creat-
ed mean droplet diameters of 10-13 um, with droplets
larger than 50 um in diameter observed.

Small diurnal changes in drop-size spectra occur as
a result of changes in cloud dynamics between night
and day. Modeling of marine stratocumulus clouds by
Considine (1997) demonstrated increases in MVD of a
few microns in the afternoon and decreases at night, with
minima in the morning. Much of the effect is due to
daytime decreases in dry air entrainment and increases
in entrainment at night.

An active area to watch for advances in information
regarding drop-size spectra, outside of aircraft icing, is
climate change research. Measurements and models
characterizing cloud microphysical properties have
become critical for parameterizing the effects of clouds
on climate change. Radiative models used to simulate
potential climate change and isolate the effects of green-
house gases are very sensitive to cloud drop-size distri-
bution (Choularton and Bower 1993, Telford 1996).
Experiments analyzing the roles of cloud microphysi-
cal properties in climate change that are either in progress
or completed include the Atlantic Stratocumulus Tran-
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sition Experiment (ASTEX), the First ISCCP (Intemna-
tional Satellite Cloud Climatology Project) regional
experiment (FIRE), and the U.S. Department of Energy
Atmospheric Radiation Measurement (ARM) program.

The general characteristics of MVD by cloud genera
are understood. However, less is generally understood
about cloud drop size than about cloud liquid-water con-
tent. Controls of drop-size spectra are not well para-
meterized, although the general controls are believed to
be understood. Changes in drop size over time within
storms, and diurnally, have been tracked and simulated,
but general theory explaining drop-size evolution over
time is not mature.

Understanding of drop size has been hindered by the
need for improved instrumentation, the three-dimensional
complexity of liquid water within clouds, the need for
observation flights focusing on drop-size measurements,
and too much emphasis on reporting only MVDs instead
of the full drop-size spectrum.

4.3.3 Supercooled large drops

The existence of large droplets (>50-um diameter)
was well known to early NACA investigators of the
microphysics of icing clouds, but they were not included
in the FAR 25, Appendix C tables, which include drop
sizes from only 15 to 40 pm (FAA 1991). Sand et al.
(1984) and Politovich (1989) state that droplets larger
than 30 um in diameter have a greater effect on flight
than smaller droplets. Hansman (1985) indicates that,
from model and wind-tunnel tests, large drops present a
much larger threat to aircraft than small drops and that
even a small liquid-water content in large drops may be
a significant icing threat. Bragg (1996) attributes large-
droplet ice accretions, and the formation of ice ridges
aft of ice-protected areas, as a likely cause of flow sepa-
ration, aileron snatch, and loss of roll control. Shah et
al. (1998) indicate that secondary ice shapes producing
ridges spanwise along a wing can be created by super-
cooled large drops (SLDs), even with a heated leading
edge. The larger drops also strike unprotected areas of
the aircraft, such as the underside of the wing, increas-
ing drag (Politovich 1989). Loss of a research aircraft
by the Desert Research Institute in icing conditions may
have been caused by SLDs, typically drops in the 50- to
500-um-diameter size range (Telford 1988). Coffey
(1995) describes the hazard of SLDs as observed from
the cockpit of a research aircraft, with advice on how to
avoid and exit SLD conditions.

Droplets larger than about 50 um in diameter do not
remain suspended in clouds by turbulence effects as do
smaller droplets. Gravitational forces cause them to fall
at greater speeds as drop size increases, producing pre-
cipitation. Though long recognized as a hazard, these
large drops have been receiving more attention in recent
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years. The crash of an ATR-72 at Roselawn, Indiana, in
October 1994, focused the attention of aviation icing
researchers on SLDs and their unique hazard to aircraft
(NTSB 1996, Broderick 1996). .

Early research reports describing the results of flight:
measuring the microphysical properties of icing clouds
have mentioned supercooled drizzle drops, for example,
Kline (1949), but relatively few reports focused on
SLDs. Rodert (1951) and Lewis (1951) both indicated
the importance of freezing drizzle and freezing rain as
aircraft icing hazards. However, most work until recent
years has been in response to needs to understand rain-
drop-formation mechanisms for cloud physicists, rather
than for aviation needs (Fletcher 1962, Hobbs and Deepak
1981, Cotton and Anthes 1989, Rogers and Yau 1989,
Houze 1993, Young 1993, Pruppacher and Klett 1997).

Isaac and Schemenauer (1979) found supercooled
large drops near the tops of cumulus clouds near Yellow-
knife, NWT. Many cloud tops between 0°C and —8°C
had concentrations of supercooled drops larger than 70
um. About twice as many clouds had concentrations of
large water droplets as had concentrations of ice crys-
tals. Large drops were associated with low liquid-water
contents, and droplets larger than 150 pm never had a
concentration of more than 1 L-1. The authors could
not explain why the drops existed and did not relate
them to aircraft icing since the purpose of the research
was related to precipitation enhancement.

Politovich (1989) describes icing from large droplets
on a research aircraft flying in California and Arizona.
Eleven flights are characterized within a narrow tem-
perature range, between —5.5 and —9.4°C and drop con-
centrations of generally less than 100 cm™3. Conditions
had the greatest effect on aircraft performance when
fewer than 0.1 — 1 cm™3 droplets occurred in a size range
from 30 to 400 um. Politovich indicates that the fre-
quency of these occurrences is low but not rare. Ample
moisture and time, accompanied by lift, must be avail-
able to create these large drops. She suggests that envi-
ronments most likely to experience SLDs are orographic
and upslope in warm fronts and within the warm sector
of cyclones where adequate moisture and lift are avail-
able.

Feingold et al. (1996) argue, from numerical simu-
lations, that the production of drizzle within clouds is
related to droplet residence time and within-cloud turbu-
lence. Vigorously growing clouds produce more driz-
zle because they allow longer in-cloud drop dwell times,
prolonging the collision—coalescence process. Their
arguments are similar to that of Politovich (1989).

Hudson and Svensson (1995) measured drizzle-drop
concentrations off the Southern California coast as part
of the FIRE experiments and associated drizzle drops
closely with lower drop concentrations, larger droplets
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overall, and a larger drop spectral width. They attribute
the formation of drizzle drops in stratus clouds to areas
where updraft velocities are greater, which causes differ-
ent percentages of cloud condensation nuclei at the
cloud base to be activated. They suggest that updraft
velocity can be used to predict drop concentration and
the width of the drop-size spectrum.

In one of the most ambitious drizzle measurement
programs to date, Cober et al. (1995; 1996a,b,c) describe
freezing drizzle measurements made in the Canadian
Freezing Drizzle Experiment (CFDE) off the New-
foundland coast. Freezing drizzle was encountered in
four research flights within thick (~1000-m) stratiform
clouds. In these four encounters, liquid-water content
varied between 0.05 and 0.2 g m—3 when MVDs were
larger than 40 pm. MVDs as large as 950 pm were
measured in freezing rain below the cloud base. Within
clouds, MVDs often exceeded 500 um. When combined
liquid-water contents and MVDs were compared to FAR
25, Appendix C, 34 of 147 data points fell outside the
envelopes. They conclude that freezing drizzle may be
a frequent phenomenon in East Coast winter storms and
a significant aviation hazard.

Jeck (1996) published the most comprehensive
review to date of the state of knowledge about freezing
rain (ZR) and drizzle (ZL) with regard to aviation. He
indicates that few instrumented aircraft have flown in
ZL and ZR, and that little is known about the meteoro-
logical conditions and geographic locations of SLD
occurrence. Elevated ZL and ZR, encountered by air-
craft in flight, are a hazard that may not be experienced
at the surface if they freeze as sleet before reaching the
ground. Though techniques have been proposed for
detecting ZL and ZR from radiosondes, no reliable
methods of prediction are available, especially for ZL,
which can occur without the traditional warm layer often
found in ZR. ZR and ZL are typically lower-altitude
phenomena, with most occurring below 3811 m agl,
making them a distinct hazard to nonpressurized air-
craft, helicopters, and all aircraft on approach and depar-
ture. Little is known about the frequency, depth, and
horizontal extent of ZR and ZL layers, the causes of
ZL, and the full range of meteorological conditions asso-
ciated with each. Jeck indicated that the use of MVD to
characterize drop spectra associated with SLDs is not
appropriate because the MVD provides no indication
that SLDs exist.

Hobbs and Rangno (1996) observed supercooled
drizzle drops with very high liquid-water contents off
the Washington coast. The stratocumulus clouds were
trapped above an inversion, preventing cloud conden-
sation nuclei from the marine boundary layer below
the inversion from reaching the clouds. As aresult, drop
concentrations were low (~ 500 L-1), liquid-water con-




tents were high (up to 0.8 g m3), and drops as large as
200 pm in diameter were present. The authors indicate
that supercooled layer clouds that form in clean mari-
time air (lacking cloud condensation nuclei) that is
decoupled from the surface could pose a significant threat
to aircraft from supercooled drizzle or rain.

Cober et al. (1996b,c) report conditions off the east
coast of Canada similar to those reported by Hobbs and
Rangno (1996). Freezing drizzle was observed in 1100-
m-thick stratiform clouds in temperatures between —-11°C
and —8°C. The maritime air was very clean, with con-
densation nuclei allowing only a few drops to grow large
and coalesce. Though the MVD was 29 um, cloud drop-
lets larger than 40 um exceeded 300 L1, and 500-pum-
diameter drops were measured near the cloud tops. This
suggests one mechanism for ZL, that of isolating humid
air with few condensation nuclei, allowing coalescence
and drop growth to occur.

In reports exploring the causes of ZL off the Canadian
east coast, Isaac et al. (1996) and Cober et al. (1996b,c)
review the processes that could cause ZL and compare
them with CFDE measurements. In Newfoundland, ZL
is associated with easterly and southeasterly winds and
rarely with westerly winds. Only about 15% of ZR cases
are nonclassical, but 60% of ZL cases are nonclassical.
Classical ZR and ZL result from overrunning, such as
occurs within warm fronts. Nonclassical drizzle forma-
tion does not involve overrunning. Mechanisms may
include giant aerosol initiation of large drops, wind shear
leading to entrainment, mixing and coalescence, long
drop lifetimes in stratiform clouds that encourage drop
growth, and high supersaturations. Eleven days of flights
in both classical and nonclassical freezing precipitation
situations showed no consistency of mechanism, except
for wind direction and the existence of inversions and
wind shear near the cloud top.

Climatologies of SLD accretions at the surface have
been developed as a method of assessing where freezing
rain may be occurring aloft as a hazard to aircraft. Strapp
et al. (1996), Robbins and Cortinas (1996), and Bern-
stein and Brown (1997) completed independent climatol-
ogies of the frequency of SLD events in North America
to assess where aircraft icing due to ZR and ZL may be
occurring with greater frequency. All maps indicate
freezing precipitation at the surface as being most com-
mon east of the Rocky Mountains, with frequency
increasing from the mid-Mississippi Valley to the North-
eastand Labrador, with an axis through the Great Lakes
Basin. Ahmed and Brown (1995) produced a climatolo-
gy of in-flight ZR globally, with seasonal detail in Great
Britain and Europe from the U.K. Meteorological Office’s
numerical model output. Their model-derived climatolo-
gy suggests high frequencies of ZR over the Atlantic
and Pacific Oceans.
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It is evident that SLDs create uniquely hazardous
in-flight icing conditions, yet little is known about the
phenomenon: its characteristics, its climatology, or what
comprises an SLD condition (Shah et al. 1998). Flights
during the winters of 1996-1997, 1997-1998, and
1998-1999 by NASA Glenn Research Center’s Twin
Otter aircraft into SLD should help answer some of the
remaining questions (Miller et al. 1998). Jeck’s (1996)
report addresses most of the weaknesses in knowledge
about SLDs and is probably the most complete and suc-
cinct paper on the subject from an aviation perspective.

4.3.4 Temperature

The thermal environment of an icing event deter-
mines the type, amount, and location of ice formation
on an airframe (Cooper and Sand 1997). The thermal
environment is controlled by radiative, convective, con-
ductive, latent heat and advective processes of the atmo-
sphere and the airframe and by the dynamics of the air-
craft moving through the atmosphere. When isolated
from the airframe and the thermodynamics of the icing
processes, thermal processes within the atmosphere
alone determine the temperature of air and of drops.

The “source” of cold also affects the amount, type,
and shape of ice that forms. For example, droplets
warmer than 0°C may freeze upon a cold-soaked air-
frame, but supercooled droplets may not freeze effi-
ciently on an airframe warmed aerodynamically above
freezing. Supercooled drops impinging upon an air-
frame that is colder than 0°C will typically produce ice.
Of the thermal processes operating, the temperature of
the droplets, or the temperature of the atmosphere sur-
rounding the droplets, is typically most important in
determining whether ice will form on an airframe.

According to Rodert (1951), it is tacitly assumed
that cloud droplets are at the same temperature as the
surrounding atmosphere. This may not always be true
for cloud or for precipitation drops, which typically cool
to the wet-bulb temperature of the surrounding atmo-
sphere through evaporation (Cooper and Sand 1997).
Since the relative humidity within icing clouds is typi-
cally near 100%, the dew point and air temperature will
also be similar, especially within stratiform clouds of
stable air masses. Within cumulus clouds with active
updrafts and entrainment of dry air, evaporation and
subsequent cooling may be greatest near the outside of
the cloud where entrainment is most active (FAA 1991).
Therefore, one will find warm cores in clouds with inter-
nal updrafts because of reduced evaporation and the
release of latent heat as drops grow. In general, cloud-
size droplets reach thermal equilibrium with surround-
ing air very rapidly, typically within 1 second (Borovi-
kov et al. 1963). Precipitation drops cool to the wet-
bulb temperature after they have fallen into dry air

To Contents




below cloud base and begin to evaporate, but lag times
can be on the order of 10 s (Fletcher 1962).

Droplets may also be cooler than the surrounding air
within warm tongues of air advected over colder sur-
face air and below colder air aloft. Snow falling into
these warm layers from above may partially or com-
pletely melt. However, until fully melted their tempera-
ture remains at 0°C, so they remain colder than the warm
layer until all ice melts and the drops begin to heat
through convection and radiation. These areas are often
identified on radar displays as “bright bands”-—zones
where falling ice crystals melt and coalesce into rain-
drops.

Temperature within clouds may fluctuate several
degrees over distances of only a few meters. In addi-
tion, within-cloud temperatures can be considerably
different from outside-cloud temperatures. Rapid and
significant temperature fluctuation from cloud to cloud,
and within clouds, makes determination of supercool-
ing difficult. For example, data from NCAR Winter
Icing Storms Project (WISP) flights indicate that tem-
perature fluctuations from clear air to cloud can be as
much as 6°C (NCAR 1990). Flights in Poland with a
rapid-response airborne thermometer show temperature
fluctuations within clouds of 2°C in distances of less
than 150 m (Haman and Malinowski 1996). Time series
of temperature through the core of a warm cumulus
cloud (Lawson and Cooper 1990) showed a 3 to 4°C
increase of temperature upon entering the cloud, with
similar subsequent cooling upon exit. Temperature
within the cloud was nearly constant. Penetrations of
supercooled stratiform clouds showed, depending upon
the thermometer observed since several were being
tested, a 0 to 1°C decrease in temperature when inside
the cloud as compared with dry air around the cloud. In
another case, but without identification of cloud genera,
cooling of 3°C was observed within the cloud when
compared with surrounding dry air. Lawson and Rodi
(1992) penetrated warm cumulus humilis clouds with
fast-response thermometers and showed immediate 6°C
cooling when entering the clouds and immediate 6°C
warming when exiting.

Temperature changes can also be large and rapid in
the horizontal when an aircraft transits fronts, though
not as rapid as upon entering or exiting clouds. For
example, transiting a cold front in horizontal flight can
produce temperature changes of 0.2°C per kilometer or
more (Berry et al. 1945). Smaller changes are observed
when transiting warm fronts in level flight. This is ignor-
ing turbulent mixing in the shear zone along frontal
surfaces, which can cause more rapid localized tem-
perature changes.

The most rapid temperature changes, however, are
experienced during ascent or descent rather than within

level flight, so during approach and departure static
outside air temperature (OAT) at the aircraft will not
be areliable indicator of air temperature within the flight
path ahead of the aircraft. Vertical temperatures can
vary, from nearly isothermal over large vertical dis-
tances to changing by tens of degrees over a few hun-
dreds of meters, especially when transiting inversions.
As an example, Schroeder (1990) illustrates a winter
temperature inversion over the Denver area of about
22°C within a vertical distance of less than 500 m. Such
rapid changes are not unusual during winter.

This evidence suggests that OAT measured at the
aircraft, though a general indicator, is insufficient for
determining if liquid water in the flight path is super-
cooled. Confidence in the fepresentativeness of OAT
to predict temperature ahead of the aircraft varies with
the meteorological conditions around the aircraft and
with the mode of flight: ascent, level, or descent.

Nonthermal parameters may be useful surrogates for
indicating temperature. Detection of glaciation within
a cloud suggests that any liquid water within the cloud
is supercooled. However, if ice crystals are not present,
the method is not effective because there is no physical
indication of supercooling.

In addition to detecting temperature within the flight
path, range-resolved temperature must also be sensed
above and below the aircraft to provide a potential route
of escape from icing into warm air. Since air tempera-
ture varies more rapidly vertically than horizontally,
especially within inversions, sensing temperature above
and below aircraft may be useful.

The accuracy of temperature measurement may also
be critical because of its effect, with liquid-water con-
tent and drop size, on ice type, density, and shape on
leading edges (Wright 1995). Since very small changes
in temperature may create large changes in ice accretion
amount and shape, it may be useful to measure temper-
ature ahead, above, and below the aircraft with high
accuracy.

4.3.5 Spatial structure

Spatial scales of icing conditions affect the utility of
remote-sensing systems. Icing conditions that are spa-
tially homogeneous over thousands of square kilometers
offer less potential for avoidance without climbing or
descending. The size of icing cells and storm areas also
affects the needed sensing range of remote-sensing sys-
tems. Storms with small icing cells may be sensed by a
remote-sensing system sufficiently to allow an aircraft
to progress iteratively through the system. Storms with
large icing cells may be too large to be sensed through,
potentially trapping aviators (Fig. 2) (Kirkpatrick 1970).
The inability to sense completely through icing reduces
avoidance options and may limit an aircraft to turning
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back along its original route to avoid icing. Most icing
areas may be scanned completely through with a detec-
tion range of 80 km or more, as suggested by Curry
and Liu (1992).

Relatively little is known about the horizontal extent
of icing conditions, though more is known today because
of modern research flights than was known in 1979
when Milton Beheim of NASA Lewis Research Center
indicated that the horizontal extent of the icing cloud
had not been adequately defined (Beheim 1979). He
also indicated that the fine-grain structure of the icing
cloud had not been well defined.

FAR 25, Appendix C, tries to address icing spatial
scale by providing tables for continuous conditions
within stratiform clouds and intermittent conditions
within cumulus clouds (FAA 1991). Jeck (1983) indi-
cates, however, that the horizontal extent of icing speci-
fied in Appendix C has no specification for the discon-
tinuity in icing and the size and frequency of any cloud
gaps. He concludes that “horizontal extent,” as indicated
in Appendix C, does not imply the overall dimensions
of icing cloud systems.

Jeck (1983) provides two methods of expressing the
horizontal extent of icing. For engineering-design pur-
poses, he indicates that the horizontal extent of icing
encounters, consistent with Appendix C, is the “dis-
tance flown during a given icing encounter until a cloud
gap of some specified duration signals the end” of the
encounter. Of more use in determining the utility of
remote sensing is the horizontal extent of individual
icing events, where an icing event is the actual distance
of icing, which ceases at a cloud gap of any length.
Jeck reanalyzed NACA data by the horizontal extent
of the icing event and presented modern data in the same
way. The analyses indicate, as is consistent with Appen-
dix C, that there is an inverse relationship between
liquid-water content and event horizontal extent. Hori-
zontal extent is about 33 km at a liquid-water content
of about 0.01 g m™3 and is about 5.5 km for the largest
observed liquid-water contents, about 1.5 g mr3, This
should not imply, however, that liquid-water content is
constant for these distances. These are average values,
and individual patches of larger or smaller liquid-water
contents can occur within these extents. An aircraft with
ice protection may be able to tolerate liquid-water con-
tent to a given magnitude but may have to avoid larger
liquid-water contents. Thus, it may also be helpful to
know the size of icing “patches” with larger than speci-
fied liquid-water contents.

The size of liquid-water content patches may be
ascertained from measurements during research flights.
In 1992, Cober et al. (1995) flew 31 missions, as part
of the Canadian Atlantic Storms Project (CASP), into
East Coast winter storms to measure cloud microphysi-

22

cal properties related to icing. The length of supercooled
liquid-water content patches was measured. A patch was
defined as having supercooled liquid-water content of
at least 0.025 g m3 for at least 0.5 km of flight. Patch-
es terminated when supercooled liquid-water content
was less than 0.025 g m~3 for 0.5 km. Average patch
length was 4.3 km, with a mean liquid-water content of
0.13 g m3, and the median patch length was 1.7 km.
About 90% of patches were less than 7 km in length,
with less than 2% longer than 50 km. Flights were made
in low-level stratus clouds and within low-pressure areas
and through fronts.

Politovich (1982) describes flights through super-
cooled stratiform clouds over the Great Lakes and the
Great Plains in 1981. A cloud extent started when the
aircraft was within supercooled liquid cloud for at least
1 km, and cloud elements “separated by less than the
element length were combined unless the gap was
greater than 6 km.” The average icing encounter in Great
Lakes stratiform clouds was 9 km long, and within Great
Plains stratiform clouds the average encounter was 24
km long. Embedded cells of supercooled liquid water
within bands of frozen clouds averaged 6 km in length.
The larger extents were a result of large-scale lifting of
air masses. Though isolated pockets of higher liquid-
water content occurred, the clouds were generally fairly
uniform at a given flight level.

Cooper et al. (1982) characterized distances of
liquid-water content encountered greater than specified
thresholds, and the frequency and size of gaps between
icing encounters (where evaporation or sublimation of
ice accreted on an aircraft could occur). Data from 1083
flight hours in California, Montana, Utah, Florida, Kan-
sas, [llinois, Michigan, and the Great Lakes in summer
and winter conditions were used to compile the infor-
mation. In all seasons, flights were in icing conditions,
but at higher altitudes in summer than in winter. The
flights deliberately sought the most severe icing condi-
tions. Cooper and his colleagues present information
indicating exposure distance in two ways:

* Probability of exceeding a given liquid-water con-
tent in a given distance

* Probability of exceeding a liquid-water content of
0.1 g m3 for each region.

As examples, when averaged over 1 km, liquid-water
content exceeding 0.1 g m3 occurred about 5% of the
time and exceeded 0.5 g m3 about 1% of the time.
When averaged over a distance of 10 km, liquid-water
content exceeded 0.5 g m3 about 0.5% of the time.
Viewed regionally, there are large differences